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Abstract 
Groundwater abstracted near Lejre, Denmark has been a significant source of clean 
drinking water for the Greater Copenhagen area since 1937. However, this abstraction has had 
adverse effects on the flows in the streams, especially the summer baseflow within the River 
Kornerup Catchment, resulting in low flows in the headwater streams and even causing some 
to go dry in the summer months. These low-flow events are theorised to be a major factor in 
why the streams within the catchment are having difficulty in supporting healthy self 
sustaining populations of brown trout. The EU Water Framework Directive (WFD) states that 
the exploitation of groundwater resources cannot degrade the stream ecosystem so that a 
“good ecological health” cannot be obtained. This study utilizes the habitat model 
RHYHABSIM, using brown trout as the indicator species, to predict the stream flows needed 
to provide the stream habitat required for brown trout, so a “good ecological health” status 
can be obtained. Furthermore, the model results are compared with the Roskilde County’s 
method for setting baseflow requirements and a popular method from the USA. The results 
from all three methods are compared to the current flow regime to determine if the streams 
are providing these flow requirements. The RHYHABSIM model results show that the three 
streams investigated require a minimum flow of 35 - 50 l/sec to provide the habitat needed to 
prevent low flows from negatively impacting on the brown trout population, and a minimum 
flow of over 100 l/sec to provide the optimal habitat area. The streams are not even close to 
meeting these objectives; in 1999, 2000 and 2001 flows below 20 l/sec were observed for 
extended periods of time (over 2 weeks in each year). These low flows severely reduce the 
available habitat, and would be having serious negative implications for the brown trout. A 
number of management techniques could be utilized to increase the stream flow to achieve 
these goals stated in both Danish domestic law and those stated by the WFD. These include 
both adding water to the streams directly during dry periods, and re-locating the groundwater 
abstraction sites and rates. The realisation of these management schemes will provide one step 
in meeting the EU Water Framework Directive by its deadline in 2015. 
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Abbreviations 
 
Below is a list of abbreviations that are found in this document, to be used as a guide. In 
addition, bolded terms, the first time they are mentioned, are defined in the Glossary in 
Appendix A. 
 
CBD: Convention for Biological Diversity 
CWS: Copenhagen water Supply 
EU: European Union 
DAF: Daily Average Flow 
DAHR: Degrading Available Habitat Range 
DVFI: Danish Vandløb Fauna Index system 
EFA: Environmental Flow Assessment 
EFR: Environmental Flow Requirement 
EIA: Environmental Impact assessment 
GIS: Geographical Information System 
IMO: Instream Management Objective. 
IFIM: Integrated Flow Incremental Method. 
ICMS: Integrated Catchment Management Strategy 
MMM: Median Minimum Discharge Method 
NERI: National Environmental Research Institute 
OAHR: Optimum Available Habitat Range 
PHABSIM: Physical HABITAT SIMulation 
RHC: Reach Habitat Curve 
RHYHABSIM: River HYdraulic HABitat Simulation 
SDHR: Severely Degrading Available Habitat Range 
SZF: Stage Zero Flow 
WFD: Water Framework Directive 
WMO: World Meteorological Organisation  
WUA: Weighted Usable Area 
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1. Introduction and Problem Formulation 
 
1.1. Problem Field 
As Adam Smith remarked: ‘Nothing is more useful than water; but it will purchase scarce 
anything; scarce anything can be had in exchange for it’ (Smith, 1776). This statement points 
out that ‘water is fundamental to life, yet paradoxically is routinely undervalued and misused’ 
(Tromans, 2001). Water is multifunctional – providing essential goods and services to both 
humans (e.g. clean drinking water) and also by supporting the ecological functioning of 
important natural habitats and systems (e.g. wetlands, rivers and lakes). 
Groundwater is a very important source of clean reliable drinking water and many 
countries rely on groundwater for the majority of their drinking water supply. This is the case 
in Denmark where over 95% of the population’s drinking water is groundwater (Madsen, 
1995) Groundwater is equally important to many of the streams situated in many countries 
including Denmark. Groundwater input into the streams from springhead wetlands provides a 
constant baseflow that helps to protect the ecology of the stream from extreme events such as 
droughts. This demand from both society and the natural ecosystems on groundwater 
resources has led to conflicts between the need for a safe and reliable drinking supply and the 
conservation of valuable stream ecosystems (Tromans, 2001). 
Groundwater abstraction is widely known to have a significant impact on streamflow. As 
the water table is lowered, the amount of groundwater that will flow into a stream is reduced, 
and in some instances even completely inhibited. If groundwater abstraction is severe enough, 
then groundwater levels can be lowered to the point that streams begin losing water to the 
groundwater aquifer instead of being replenished by it. Anthropogenic induced low flows 
have a severe impact on the stream ecology. The local aquatic biota in a particular system will 
have adapted to a flow regime that has existed for hundreds or thousands of years. Human 
induced changes are often quick, and local species do not have time to adapt (Naimen et al. 
2002).   
The loss of baseflow from groundwater becomes a problem for the stream ecology during 
the summer or extended dry periods (e.g. droughts) when no or very little rainfall is reaching 
the stream. With less water in the stream, habitat availability is reduced and both interspecific 
and intraspecific competition is increased. The temperature and chemical nature of the 
streams is often altered and all these factors combined can negatively impact on the aquatic 
biota inhabiting the stream and its surrounding riverine environment. Aquatic species such as 
fish and invertebrates become stressed with the lower flows, and if the low-flow events are 
severe enough and continue as part of the altered flow regime, than local extinction of flow 
sensitive biota can occur (particularly if the streams go dry). This is especially damaging if 
this occurs in headwater streams such as the streams in this investigation as recolonisation is 
often slower due to an absence of movement of biota from upstream (Friberg et al., 1998)  
Groundwater from the Lejre area, specifically the River Kornerup catchment, is a very 
important source of water for the greater Copenhagen area. Copenhagen Energy (previously 
Copenhagen Water Supply) has been withdrawing groundwater from the area since 1937. 
Ever since abstraction began, local residents have been observing that the streams in the 
Lejre area are intermittently drying up in (particularly in the summer months) and many 
springs and wetland areas have gone dry (Schrøder, 1995; Bourbon, pers. comm, 2004). Thus, 
it is apparent that groundwater abstraction is severely affecting the baseflow during the 
summer and dry periods. 
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It is now recognised that over-exploitation of water resources is neither acceptable nor 
sustainable for society. When managing this precious resource, a balance between modern 
land-use, societal needs and the environment needs to be addressed and solutions must be 
proposed and implemented to bring about such a balance (Naimen et al., 2002). Laws and 
guidelines are often a reflection of societal views and the laws that are in place in Denmark 
reflect that society realises the conflict and is prepared to address it. Laws such as the recent 
‘Environmental Goals for Water and International Protection Sites Act’, which was passed in 
December 2003, are a reflection of society realising the importance of sustaining natural 
freshwater ecosystems (Danish Forest and Nature Agency, 2003).  
Internationally - and also applying to Denmark - the concerns for the environmental 
conditions of freshwater ecosystems is reflected in legislations such as the Europe Union 
(EU) Water Framework Directive (WFD). The EU WFD states clearly that the utilisation of 
water, including groundwater, must not negatively impact the surface water ecology. This 
legislation needs to be accounted for when managing groundwater resources (DG 
Environment, 2003). 
 For the requirements and recommendations of these laws and directives to be reached and 
maintained, an understanding of both the anthropogenic influences and the ecological 
interactions of freshwater ecosystems much be understood. It is therefore essential to 
understand how groundwater abstraction could affect stream and wetland ecology, so that 
management schemes can be developed that supply water while protecting the ecology 
(Sophocleus, 2002).  
There are many programs in place to try and reach the goals set both locally and 
internationally but new tools are needed for understanding and quantifying the negative 
impacts groundwater abstraction can have on stream ecosystems. There are many processes 
that need to be understood in more detail so that better solutions to their management can be 
proposed. The interaction between groundwater and surface water is one important 
component that needs to be better addressed. Also the ecological requirements of the stream 
biota must be known so that water can be managed to stay within the suitable ranges for these 
species. 
An effective and well-recognised methodology for gaining better knowledge on these 
interactions and requirements is the use of modelling. Hydrological models can be used to 
show interactions between groundwater and surface water interactions. When wanting to 
address the flow requirements of the stream biota an ecological indicator can be used to 
represent the entire stream system, meaning that if the conditions of this chosen species is met 
and maintained, then the entire system should remain healthy (Gibbens and Acornley, 2000). 
These ecological indicators can be incorporated into hydraulic-habitat models that then 
combine hydraulic parameters and physical habitat requirements of the chosen indicator 
species to produce ranges of suitable flows for the indicator species and should in turn 
maintain the natural integrity of the entire system (Holmlund and Hammer, 1999). By 
combining all these methods, solutions that are both workable and attainable can be proposed 
and if carefully initiated and monitored so to adjust for unexpected occurrences, should lead 
to successful resolutions for conflicts such as drinking water versus nature protection. 
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1.2. Problem Formulation 
 
1.2.1. Research Question: 
To what extent is groundwater abstraction influencing ecological conditions in the River 
Langvad catchment, and what solutions are applicable to the area considering ecological and 
societal implications? 
 
1.2.2. Purpose: 
The purpose of this study is to incorporate existing knowledge with new empirically 
derived results from our present study to determine how groundwater abstraction influences 
the ecological conditions within the River Kornerup catchment. Specifically, this study will 
look at how the groundwater regime is interacting with the surface water. Using brown trout 
(Salmo trutta) as the ecological indicator species and a habitat analysis model, this study will 
look at how brown trout habitat is being altered from the groundwater abstraction induced low 
flows. The study will determine whether or not the lower flows are significantly affecting the 
stream ecosystem and devise solutions in the form of recommendations on how to solve this 
problem. Both the results and the solutions will be compared to measures and values already 
in place form the managing authorities. 
 
1.2.3. Aims of the Project: 
Using the River Kornerup catchment as a cast study, the aims of the project include: 
1. Examine the hydrological conditions – the current stream flow conditions and changes in 
the primary groundwater aquifer since groundwater abstraction began. 
2. Determine the ecological conditions – the minimum and optimum stream flow conditions 
for the stream ecology, using trout as the primary indicator. 
3. Compare the results and determine to what extent the ecology is being affected by 
groundwater abstraction and present potential solutions in order to increase the base flow 
of the stream. 
 
1.2.4 Intended Beneficiaries: 
It is the intention of the authors that the present study will be not only useful to the 
managing authorities within the Lejre area where the study is taking place but could be 
applied to other areas within Denmark experiencing similar conflicts. It is also the intention of 
the authors that the processes involved in carrying out the project such as the use of habitat 
models could be incorporated into national legislation and used by the managing authorities 
as tolls in their management strategy. This use of modelling and its applicability to the 
managing authorities will be further explained in the methodology section. 
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2.  Project Methodology 
 
The main focus of this chapter is to provide the background to how the investigation was 
approached, what methods were used to approach the research question, and how these 
methods aided (or failed) in answering the research question. This chapter will also introduce 
the remaining chapters; explain why they were included, how they are related to each other 
and their purpose for the reader. Reflections of the investigation are included to help the 
reader to understand the strengths and weaknesses, and the problems that the investigation 
encountered through its course.  
 
2.1. Project Formulation 
The idea to conduct a study on the issue of groundwater abstraction and the ecological 
conditions of the stream originated from a study on how sedimentation affected the natural 
recruitment of local brown trout (Salmo trutta) population. The investigation by Conallin 
(2003) illustrated how sedimentation was negatively impacting the trout in two tributaries of 
the River Kornerup catchment. However, in this investigation it became apparent that not 
only sedimentation, but also other factors such as low summer flows, were also likely 
affecting the brown trout population. Though there have been a number of studies looking at 
low flows in the streams (i.e. Bondesen, et al. 1982, Michaelsen, 1986; Roskilde Amt, 1998, 
2003a, 2003b), these studies have focused on the hydrological part of the question; no studies 
had looked at the problem from a more ecological perspective. Furthermore, with one of the 
focus areas of EU Water Framework Directive being on ecological protection, it became 
apparent that an ecologically based study was needed. Therefore, it was decided to conduct a 
study which modelled the ecological impact of groundwater abstraction, and from these 
results provide recommendations for how the groundwater resources could be managed in a 
way that minimised ecological damage.  
Brown trout (Salmo trutta) are an important resource to Denmark both environmentally 
and politically. As brown trout are very sensitive to ecological change, they make reliable 
indicators. This makes them politically important as Denmark uses them to set certain 
standards and goals for its streams and lakes. It is the inherent assumption that if a healthy 
population of brown trout is present in a stream, then the stream is in a ‘healthy’ condition 
and this requirement helps managing authorities show that its streams and lakes are either 
meeting or not meeting the requirements set out both in domestic law and in the EU Water 
Framework Directive (as described in more detail in Chapter 3). 
Due to the importance of brown trout for managing authorities of Danish streams, a 
problem such as sedimentation would have to be addressed for local naturally recruiting 
populations of brown trout to be present. When proposing solutions to alleviate the problem 
of sedimentation within the River Kornerup, it involved close contact with the water 
management authorities from Roskilde County. While discussions and scenarios were being 
discussed with the Amt, it was realised that for the successful implementation of a strategy 
that would bring back local naturally recruiting brown trout populations then it would involve 
a more concerted effort than just solving the problem of sedimentation.  
Sedimentation affects the first stages of recruitment in that it kills the eggs and developing 
fry of the brown trout. If the problem of sedimentation is corrected and the developing brown 
trout are successful in entering the free-swimming stage then other factors can begin to 
negatively impact on the juvenile brown trout.  
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It had been previously recognised and theorised but not quantitatively studied at an 
ecological level that low streamflow in the summer within the River Kornerup catchment was 
affecting the juvenile brown trout. It was suspected that low flows in the summer, depressed 
by groundwater abstraction within the catchment, were leading to high mortality rates within 
the both stocked and naturally recruited juvenile population of brown trout. It had been well 
documented (although there were conflicting conclusions to how and what extent) that 
groundwater abstraction was affecting stream flows and leading to low-flow events in the 
summer. 
The realisation that just solving the sedimentation problem would do little to the overall 
success of returning self sustaining brown trout populations to the catchment, meant that a 
more integrated approach would be needed, and that other issues that negatively impacted on 
all life stages of brown trout would have to be addressed. Dealing with groundwater 
abstraction and resulting low flows appeared to be next logical step in trying to restore brown 
trout to the streams, as this problem affected the next life stage of the trout, the juvenile life 
stage. It could be contended that if the problems of each life stage was identified, studied and 
then solutions proposed that could rectify the problems, then eventually a healthy self 
sustaining population of brown trout could once again be part of the natural stream ecology. 
 The project was to be formulated and carried out in close collaboration with lecturers 
from Roskilde University, managers from Roskilde County and researchers from both the 
Danish Fisheries (DFU) and the Department of Freshwater Ecology, National Environmental 
Research Institute (NERI).  
 
2.2. Approach 
2.2.1. Background 
The background of the authors, a freshwater ecologist and a geologist, provided for a 
strong interdisciplinary approach. The fresh water ecologist provided the required expertise in 
stream ecology and the processes that occur on a biological and physical level within streams. 
The geologist provided the expertise within the field of groundwater and surface water 
characterisation. Combining the two expertises led to a strong multidisciplinary team, which 
could analyse how the streams were being affected, by groundwater abstraction and the 
ecological consequences. Neither scientist had a strong social science background, which was 
partly the reason the project was devised with a “natural science” based approach. Regardless, 
the authors considered it a natural science based problem and it needed to be looked at in this 
way before issues such as management could be considered. The social/management aspects 
of the problem are therefore addressed in a natural science manner.  
Through influence from the university at which the authors were studying, their 
backgrounds and from the nature of the problem that was to be studied, it was decided the 
problem would need to be defined and methods devised using an interdisciplinary approach. 
As it was the intention that the results and proposals from the study could be presented to the 
managing authorities and then researched further for possibly including in future 
management, a full interdisciplinary approach was needed so that important areas of such a 
problem were not excluded. 
The problem could be broken down roughly into three main sections: 
1. Ecology-Biology:  brown trout and other biological components of the stream; 
2. Geohydrology: the interaction of groundwater abstraction and stream flow; and 
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3. Management: influences on management, including the history of water management 
in the study area, domestic laws and international binding treaties.  
It should be noted that these three sections, although stated separately for ease of 
recognition, are considered as interlinked; a change in one could either directly or indirectly 
influence the others. For example, the EU WFD states that groundwater abstraction must not 
negatively impact on the surface flows in streams. Whether or not this law is abided by can 
have direct effects on the hydrology and the ecology of the streams.  Although the issues 
could have been addressed separately, it was the authors’ view that all the aspects were 
interlinked and so the aspects should also be addressed in this manner. If a solely natural 
science based approach had been taken and the social aspect of management disregarded then 
a major component of the project would have been missing. A problem can be studied 
scientifically, and the extent of the problem determined, but if there is not a reason or will to 
solve the problem, or if there are no alternative solutions, then the problem will not be solved. 
Therefore, it is important to be able to study and present the problem from the management 
perspective as well. 
The basic approach was to try and define the streamflow needed to provide enough habitat 
area to sustain a healthy self-sustaining brown trout population. These results were derived 
from using a habitat model and were then compared with current methods already being used 
by the managing authorities. 
The hydrological component of the study was defined and evaluated using historical 
records and maps, GIS and also groundwater models to show the relationship between the 
surface water and the groundwater and to the extent in which both were being affected by 
groundwater abstraction, and characterise the baseflow of the stream under present 
conditions. 
Management was defined as legislation in the form of the laws and directives in place to 
guide and direct the way in which stream management is conducted in Denmark.  
All of these factors combined to produce possible solutions for alleviating the problems 
groundwater abstraction was causing on the stream ecology. It must also be stressed that the 
solutions proposed are not ready to be implemented without further investigation and are 
intended only as a guide for possible solutions that could be implemented. 
 
2.2.2. Modelling  
The European Water Framework Directive, through its requirements to manage and 
protect groundwater and surface waters with respect to the natural ecosystems, has provided 
the local and regional water managing authorities within its member states a challenge in the 
development of new and accurate methodologies. Although the directive is simple and 
flexible in its concept, the directive deems it necessary to ‘develop an approach based upon 
scientific knowledge; however at the same time it should be as simple as possible, in order to 
achieve both requirements and comparability of results throughout a single country or within 
all European waters’ (Borja et al., 2004). The water managing authorities such as the counties, 
NERI and Danish Fisheries are looking to produce new methods or to upgrade old methods 
and with the vision of interlinking the methods to help satisfy the requirements of both 
domestic laws and EU directives. 
Modelling is one way to determine how water management – or rather the exploitation of 
water resources – is affecting the natural ecosystems. Models can show how the ecosystem is 
being affected and be used to predict how the hydrologic and biologic systems will respond to 
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changes in how water resources are being utilised. This, in turn, provides water resource 
managers with the needed information to manage water in a way that meets the legislative 
requirements. This is the primary reason the modelling of the groundwater, surface water and 
ecology is a central part of this investigation.  
For modelling to be useful in such investigations, it must be able to simplify often 
complex situations into accurate, defendable output data that can be both used by the 
researchers involved and other stakeholders. The output must also be able to be understood by 
the politicians and then by the general community in which the politicians are relaying the 
information to. The output from such models must be able to be reproduced again using the 
same input data but by different users for it to be reliable results. The models must be simple 
so that reproducible results can be obtained, but they must also be complex enough to take 
into account all the important components of what is being modelled. This can be an 
extremely arduous task when trying to choose or develop a suitable model and there is a 
plethora of critiques for the use of models as predictive tools, especially in ecological 
investigations. But, they are well suited to producing results that can be used at all levels of 
management (i.e. researcher to politician) and if an error margin is allowed for, they can be 
very cost effective and useful to both researchers studying the problems and managers 
attempting to fix them.  
The primary goal of this investigation was to model the fresh water ecosystem in the 
River Kornerup catchment area with respect to brown trout. The habitat model 
RHYHABSIM was used to determine the available habitat for the local brown trout 
population with varying stream flows. As Roskilde County and NERI were particularly 
interested in the application of RHYHABSIM in Danish steams in general, and the Kornerup 
catchment area in particular, this investigation provided the opportunity to use a model to 
define the flow requirements needed to optimise brown trout habitat in the streams. The 
output could then be compared to the limits and requirements already in place and provide the 
basis for future management of the streams. 
This investigation also employed the use of simple models to illustrate the affect 
groundwater abstraction has had on the stream flow. A number of previous studies have 
already modelled the groundwater system and the interaction between abstraction the 
groundwater reservoir, and the surface waters (including both wetlands and stream flow) (i.e. 
Bondesen, et al. 1982, Michaelsen, 1986; Roskilde Amt, 1998, 2003a, 2003b,). Thus the 
groundwater and surface water system was already well known, and the development of new 
hydrological models was not needed for this project, and the already developed models were 
only expanded upon or slightly modified using the most recent available monitoring data.  
 
2.2.3. Case Study  
One of the primary objectives of this project was to use modelling to provide the scientific 
information needed in order to manage water resources so the exploitation of groundwater 
does not compromise the natural ecosystem. The case study approach was an obvious way to 
do this. In a case study, the models could be employed in an actual situation, rather than 
described in a hypothetical manner. Using these models in a real situation gives more 
credence to the results and provides a direct use of the information gathered. 
The River Kornerup Catchment was chosen as the case study for the following reasons: 
• There is a long history of heavy groundwater abstraction, dating all the way back to 1937, 
which has been observed and shown to have a direct effect on stream flow (Schrøder, 
1995). 
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• Manny of the different streams’ lengths are designated for trout habitat. 
• There have been efforts to restore sections of the streams (Langvad and Lavringe) to 
increase the amount of spawning and habitat for trout. 
• There is a movement for nature conservation in the area. Part of the area, primarily around 
the River Ledreborg, is being considered for a national park. The Ramsø Bird Protection 
Site occupies a long stretch of wetlands along the River Langvad (discussed in detail in 
chapter 5), and this must be preserved.  
•  The water rights for the area expire in 2010, and thus the new water rights will need to be 
dealt out. 
All of this combined made the River Kornerup catchment an ideal area for a case study. 
 
2.3. Chapter Components 
There are, basically five essential elements of any thesis: problem, theory, data, analysis, 
and conclusion. These five elements define the general outline of this paper. The 10 chapters 
in this thesis are based off of these elements. This section will describe what these chapters 
contain (in general terms), its purpose, and how it relates to the other chapters.  Note: the 
introduction (Chapter 1) and conclusion (Chapter 11) will not be addressed here. These two 
chapters are self explanatory, with the introduction chapter simply introducing the problem, 
the study question and goals of the project, while the conclusion simply provides a short 
summary of the results and recommendations of the project.  
 
Chapter 2: Project Methodology 
The methodology chapter is different from a traditional natural science project, where the 
chapter would provide a detailed description of the experiment and how the data analysed was 
collected. Rather, for this thesis, the methodology serves to describe the actual process and 
decisions taken along the course of the project. Included is a description on how the project 
was formulated, the approach used in researching the problem, what was included in the 
study, and a reflection on the strengths, weaknesses, problems encountered and how they 
were dealt with. This will provide the reader with information on how the project was formed 
and the choices made, which will aid in the evaluation of the project.   
 
Chapter 3: Intention  
Anytime one is researching a problem or potential problem, there must be a reason for the 
research. One can research a problem, but if no one cares about solving the problem being 
studied in the first place, then the project has been only for the sake of science rather than 
looking to help solve a problem. In these cases there was no management reason for the 
research. This chapter presents the reason for solving the problem of low flows caused by 
groundwater abstraction in the River Kornerup catchment. 
This chapter provides an outline of the laws and regulations, including both international 
agreements and treaties and national law and acts, which look to protect freshwater 
ecosystems from damage due to exploitation of groundwater resources. This is the basic 
reason for conducting the study and finding solutions to the low flow problem. There are 
other possible reasons for fixing the problem, including the philosophical (it is man’s duty to 
protect the natural ecosystem) and recreational (i.e. fisherman wanting more trout in the 
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streams for them to catch), but these are considered to be secondary to the laws, and thus not 
addressed fully in this study. 
Chapter 4: Theory 
The purpose of this chapter is simply to provide background on the concepts and science 
behind the problem. Specifically, it explains the hydrological and biological science behind 
the study. This background information is important because it provides the foundation for 
describing the relationship between groundwater abstraction and stream flows as well as the 
theoretical foundation for the ecological model. Therefore this chapter was critical for the 
following chapters on modelling and characterisation of the streams, groundwater system and 
ecological models, as well as the analysis of the results achieved. 
The theory, particularly on the biology and low flows can be quite complex. The amount 
of depth that this discussed depends on the audience. In the case of this project, the audience 
is quite wide, from biologists and ecologist to county administrators. Experts, such as the 
scientists already have an in depth knowledge in the area, and do not need as detailed 
description of the theory. Non-experts in the field, however, may need more explanation of 
the concepts. Therefore it was decided that the analysis would be explained in a brief format 
in the main project. However, if the reader would like a more in-depth description of the 
concept, this would be provided in this chapter and further in the appendix. By providing the 
theory behind the investigation it provides the reader with the grounding to fully understand 
the concepts presented in chapters 7, 8 and 9. 
Chapter 5: Case Study – River Kornerup Catchment, Lejre Denmark 
The main purpose of the case study chapter is to introduce area where the study is being 
conducted. A description of the location, the streams studied, land use, morphology and 
geology are provided. In addition, a detailed description of the management objectives for 
each stream is provided. This provides important information on the study area which is 
needed for the description of the history of groundwater abstraction in the basin (chapter 7), 
as well as for the results (chapter 8) and analysis (chapter 9).    
Chapter 6: History 
This chapter outlines the history of groundwater abstraction in the Lejre area, which 
includes the abstraction in the River Kornerup catchment area. It outlines the history in terms 
of the actual abstraction, the laws allowing for abstraction, and how different stakeholders 
have (or have not) influenced the water management of the area. The chapter also contains an 
analysis as to why the history unfolded the way it did and what it means to future 
management decisions. The reason that this chapter is included is because of its long and 
complex nature, it will have an influence on what solutions (chapter 9) would or would not be 
acceptable. The precedents set will have an influence on future management decisions, which 
should be accounted for. 
Chapter 7: Ecological and Hydrological Modelling Methodology 
This chapter presents an introduction to the models used to characterise the hydrological 
and ecological systems, as well as the methods for the collection and analysis of the data. This 
has a direct relationship to the results section and analysis section. 
Chapter 8: Data Results 
This chapter simply presents the results obtained from the application of the models 
(Chapter 7) to the River Kornerup catchment (Chapter 5). The data results chapter, the data is 
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only stated. A discussion on the data and what it means is discussed in detail in the Analysis 
chapter (Chapter 9). 
Chapter 9: Analysis 
This chapter can be considered the most important of the project. This is where the data is 
presented and discussed, incorporating all the information provided in Chapters 3-8. The 
analysis of the data is discussed in a way that it would relate to the management of the 
groundwater resources. The hydrologic system is discussed with regard to how one could 
change the groundwater abstraction regime to assure baseflow in the rivers. The ecological 
model results were looked at in three different ways. First of all, the differences between the 
rivers were addressed to determine if they were similar enough to manage the same, or do 
they have to be treated different. Secondly, the Environmental Flow Requirements (EFRs) 
from the RHYHABSIM model were compared with the “rule of thumb” techniques (see 
Section 7.3) currently being used to set stream flow objectives. Finally, they were compared 
with the hydrological analysis of the streams to obtain an idea as to how much more water 
would be needed in order to protect the habitat area of brown trout in the streams. 
Chapter 10: Management Solutions: 
In this chapter, a number of solutions to help provide the flows needed to maximize the 
brown trout habitat are suggested. During the project, it was not possible to conduct a full 
Environmental Impact Assessment (EIA) on the proposed solutions, and thus they should 
only be treated as suggestions for further studies. The solutions are discussed in terms of what 
they are, the advantages and disadvantages (from the authors’ opinion), costs (not actual 
figures, but rather where costs would be), and what further evaluation should be conducted. 
Many of the solutions proposed have already been suggested by other studies (i.e. Bondesen 
et al., 1982), and the concepts are well known. However, it is the view of the authors that the 
context of the problem (described in the History chapter) has changed enough that many of 
these solutions could be revisited. In addition to the solutions, a discussion on other problems 
that would affect brown trout in the streams, as well as what future work is needed in the area. 
This is important from a management perspective, as you can fix part of a problem (low flows 
in this case) and still not end up with a healthy ecosystem because of other factors (such as 
sedimentation and pollution) also coming into play.  
General Comments: 
All chapters vary considerably in length due to some chapters containing more 
background and theory (e.g. chapter 4) than some of the more empirically based chapters (e.g. 
chapter 8). All chapters have a small introduction to their content and from chapter 5 
onwards, a semi conclusion is added for each chapter highlighting the main points raised by 
the chapter and how it will lead onto other chapters. If any topics are mentioned in the text 
either as background or to show a relevant point but are not to be further explained later it is 
stated. 
 
2.4. Reflections of Project 
2.4.1. Answer of Research Question 
 In answering the research question: 
 To what extent is groundwater abstraction influencing ecological conditions in the 
River Langvad catchment, and what solutions are applicable to the area considering 
ecological and societal implications?, specific methods were used: 
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To provide information on the effects that groundwater abstraction was having on the 
interaction between surface streamflow and groundwater levels, historical maps were used 
along with hydrological modelling techniques and geographical information systems (GIS). 
To provide information on the ecological effects of groundwater abstraction and also to 
provide output that could then be used by the managing authorities to rectify the negative 
impacts, the habitat model RHYHABSIM was used 
To provide the possible solutions all parts of the investigation had to be incorporated so 
that the outcomes were reasonable in their applicability if they were to be taken up by the 
managing authorities and studied further for possible implementation.   
    
2.4.2. Strengths of the Investigation 
The first of three strengths of the study, from the authors’ point of view, was that the 
problem – which is largely a political problem – was approached from a natural science based 
perspective. Newly gathered empirical data collected by the authors themselves was 
combined with the data already collected on the area and problem from previous studies, to 
provide the information which decisions could be taken from. This data went directly into the 
derivation of the recommendations on how the problem could be solved. 
The second strength of the project was that it addressed the problem from a multi-
disciplinary approach. To begin with, the team consisted of both an ecologist and a geologist, 
which allowed each to apply their individual area of expertise to each aspect of the natural 
science side of the problem: the hydrological and the ecological. Secondly, the problem was 
approached by combining both the natural and social side of the problem. This provided the 
interdisciplinary approach needed to bring out all the relevant aspects of the investigation. By 
taking into account the social side of the project, it is believed that the recommended solutions 
become more likely to be instated into management strategies. And by investigating the 
reason that action needs to be taken (as in Chapter 3 – Intention), it provides credence for 
researching the problem and solving it (there actually is a reason). If the natural science side 
was not considered, then the solutions proposed run the risk of being ineffective or actually 
contributing even further to the problem. There must be both an ecological and a societal 
understanding of the natural system you are trying to preserve. 
One of the biggest strengths of the project that much of the data was collected first hand 
through detailed and intensive empirical investigations such as the use of the habitat model. 
This allowed the authors to use the data with 100% confidence that it had been collected 
appropriately and if any flaws were present they could be allowed for (e.g. sampling error). 
By collecting much of the data used for the investigation it allowed the authors to use their 
independence and direct the empirical research in a manner that was most appropriate to the 
investigation. It also allowed for flexibility in the research that was being collected and ideas 
that were theorised along the way could be incorporated and researched further. This also led 
to many problems but mostly they could be overcome.   
The final strength of this project is that it is the first study to take into account the 
ecological (habitat) requirements for the streams. The problem has been studied and managed 
for years, yet the stream flows had never been managed to supply a base flow which would 
protect the ecosystem. This study provides that information – how much water is needed in 
the streams to provide the habitat for the chosen species to survive or more importantly thrive 
in. 
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2.4.3 Weaknesses in the Investigation 
The first weakness of the investigation is that there was not a political or social science 
expert on the investigation team – both members were natural scientists. The team was able to 
strongly cover the natural science aspect of the investigation; where as the coverage of the 
political/social side of the problem was weaker than it would have been with an expert on that 
side of the problem. Now it was just stated above that covering both the natural and social 
side of the problem was a strength, and this appears to contradict this statement. The social 
science part of the problem was covered, which is a strength, but could that part could have 
been more thorough if there had there been a social or political scientist on the team. This 
point highlights the importance of multidisciplinary teams when considering such complex 
issues and the need for an interdisciplinary approach to solving such conflicts. 
A second weakness of the investigation lies in the solutions. There was not a full EIA or 
economic evaluation conducted on the suggested solutions – they were only presented as 
recommendations for further exploration, with some thoughts on the potential benefits and 
drawbacks for each solution. It was the original intent to provide a full analysis of the 
solutions, but this goal was too ambitious for the time frame of the investigation. In the end, 
time was too limited and a full analysis on the solutions could not be done. If the project was 
over two academic years, then this section could have been completed in full.  
A third weakness of the project lies within the ecological aspects of the RHYHABSIM 
model. An important aspect of the model is the trout Habitat Suitability Curves (HSCs), 
which are sensitive to habitat type (i.e. a large stream vs. small stream, see section 4.3). These 
curves determine how the model will respond to differing flow conditions. Unfortunately 
there have been no studies on the habitat curves for trout in Denmark. Thus, this study had to 
use USA developed curves modified by a Danish researcher. In this case, Lund (1996) took 
published information on brown trout biology for Denmark and modified the USA based 
HSCs to what he thought was closer to Danish stream conditions. It would have been much 
better to have the information collected directly on a Danish stream. However, this is not the 
case, and the modified curves are the best estimation that we have, and should be more 
accurate than the curves developed elsewhere in the world. This is described in detail in 
Chapter 9. 
 
2.4.4 Problems Encountered 
As the project was a relatively straight forward empirically based study, there were not 
many problems to overcome. The primary problem encountered dealt with the setting up and 
application of the habitat model. As neither investigator had previously used the 
RHYHABSIM habitat model and there were no other researchers in Denmark (the closest 
being in New Zealand) that were up-to-date on the working and implementation of the model, 
the techniques for both the stream characterization (the field work) and the application of the 
data in the model had to be learned along the way. And this was a learning process. For 
example, two full days of field work were lost because the data was collected improperly 
and/or incompletely. This error was discovered when the data was processed. Thus it was 
disregarded, and then new data was collected using the proper methodology. The second 
difficulty came with the actual application of the RHYHABSIM model. Like any software, it 
took time to learn how to use it. With the help of an expert on the model, the data was able to 
be processed with the model, which produced satisfactory results. 
A second problem, which was discovered while the field work was underway, was not being 
able to use the stream flow monitoring station for analysis on R. Ledreborg. It was the 
intention of the project to use the County run stream monitoring sites in Rivers Ledreborg, 
Tokkerup and Langvad to compare with the results with our habitat modelling sites. However, 
because of the geological situation in R. Ledreborg (described in Section 5.2), the stream flow 
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measured at the nearest monitoring station (Lillebro) is not representative of the flow at the 
monitoring site. Therefore the comparison between current flows and our habitat results was 
not possible for R. Ledreborg. Neither R. Tokkerup nor Langvad have the same situation, and 
in their cases a comparison was possible. By the time the problem was realised, it was too late 
to reconsider the location of the stream survey site on R. Ledreborg. 
The final problem that was encountered was how to address the social and political side of 
the problem. As described above, neither investigator had significant experience on social 
science, nor the way to address this side was not intuitive. However, with help from the 
advisors, other researchers and opponent groups, this problem was overcome. 
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3. Intention: Regulations Protecting Freshwater  
Ecosystems in Denmark 
 
With any problem that is being researched, the question comes up: why do we care? In the 
specific case of this project, why should we care that groundwater abstraction is affecting the 
streams and wetlands, degrading the freshwater habitat? If society does not see a reason to 
solve a specific problem, then it will not be solved, no matter how well studied and how 
innovative the solution. Therefore, this chapter will address the reason behind the need to 
solve the problem.  
 
3.1 Regulations Pushing for Action 
There are many reasons for taking action to preserve an ecosystem.  There are the 
philosophical reasons – the theories of biocentrism and ecocentrism that argue that every 
living animal or plant or ecosystem has an intrinsic value that cannot be measured monetarily. 
Furthermore, because of this intrinsic value, it is man’s duty to protect (and even restore) 
these biological inhabitants and their ecosystems (Attfield, 2003). Then there are the more 
egocentric reasons – conservation for future recreation and/or enjoyment. This includes, for 
example, the fisherman wanting to preserve habitat for recreational fishing of sea trout, the 
birdwatcher who would like more preserved wetlands to increase habitat for birds that he/she 
could view, or the hiker who would just like to see more wildlife, be it in or around the 
streams and wetlands while walking nearby. Finally, there is the aspect of economic gain 
from preservation. However, in the case of the preservation of the freshwater ecosystems in 
the River Langvad catchment, there is very little economic incentive for preservation. 
The philosophical and egocentric reasons for preservation are compelling, but they will 
not necessarily lead to action. However, as these viewpoints gain more and more popular 
support, they become political issues that must be dealt with in order for the elected officials 
to remain in office, or provide the platform for new politicians to be elected. This has indeed 
happened in Denmark, where laws have been passed which call for the protection of 
freshwater ecosystems – surface streams, lakes and wetlands. To destroy or even degrade 
these habitats is against the law. So, the answer to the question “why do we care?” is simply 
because it is required by law. 
The laws that apply to Denmark in general, and the Lejre area specifically are both 
domestic and international in origin. A distinction is made between the two because of the 
way they are derived and enforced. International regulations are generally agreed upon by a 
group of countries (in the form of a convention or treaty) and generally provide a list of goals 
that the all party members should fulfil in order to achieve a common objective. These goals 
can either be obligatory (with some kind of international enforcement and/or penalty for non-
compliance), or voluntary. Domestic regulations, on the other hand, are agreed upon within 
the government, and apply only to the country in question. Domestic regulations can either be 
a result from international treaties (pressure from outside) or domestic concern (pressure from 
inside the country). These regulations are binding and have penalties involved for non-
compliance. 
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3.2 International Regulations 
International regulations for the protection of ecosystems and the sustainable development 
of water resources do not directly provide the laws requiring Denmark to meet specific 
standards. Rather they provide the framework of goals and standards, which Denmark should 
achieve. These goals or standards can be divided up further into two categories: non-binding 
and binding. Non-binding agreements are voluntary in nature, and provide a recommendation 
of goals for each member party to achieve, but have no enforcement or penalty for non-
compliance. The Convention on Biological Diversity (CBD) and the Ramsar Convention on 
Wetlands (Ramsar) are two examples of non-binding agreements. Binding agreements, 
however, are binding via international treaty and generally are enforced and have a penalty for 
con-compliance. The EC directives are examples of binding treaties. 
 
3.2.1 Non-binding Treaties 
There are basically two international non-binding treaties, which have an influence on 
regulations relating to the conservation of freshwater ecosystems. These include and Ramsar 
the CBD. Both of these treaties provide guidelines for the administration and protection of 
biodiversity and habitat. Though they are not binding, Denmark has been active within the 
negotiations of these treaties and setting the standards within the boundaries, and has been 
more or less successful in the implementation of the recommendations. 
The Ramsar Convention on Wetlands was signed in 1971, and Denmark ratified the treaty 
in 1975. The essence of the treaty is “to provide for the conservation and wise-use of wetlands 
primarily for the habitat protection of water-birds” (Ramsar Secretariat, 2004). Each 
contracting member agreed to provide a list of Ramsar sites to be preserved and protected 
against unsustainable development or habitat degradation. Denmark has 27 listed Ramsar sites 
(Danish Forest and Nature Agency, 2004), however none of these occur within the River 
Kornerup catchment area. On top of the listing of Ramsar protection sites, in article 3.1 of the 
treaty, it calls for contracting members to “to include wetland conservation considerations in 
their national land-use planning…so as to promote, as far as possible, the wise use of 
wetlands in their territory.” (Ramsar Secretariat, 2004). Therefore, the agreement on the “wise 
use” of wetlands within the River Kornerup catchment should be taken into consideration 
with respect to the influence of groundwater abstraction on wetlands. 
The Convention on Biological Diversity was signed in Rio de Janeiro in 1992, and 
Denmark ratified the treaty in December 1993. Under the treaty, the signatories agreed to 
provide the critical role of leadership, particularly by setting rules that guide the use of natural 
resources, and by protecting biodiversity where they have direct control over the land and 
water. Specifically, parties agreed to identify and monitor important components of 
biodiversity to be conserved or utilized in a sustainable manner, to establish protected areas to 
be conserve biological diversity, and to rehabilitate and restore degraded ecosystems and 
promote the rehabilitation of threatened species CBD Secretariat, 2004). Thus, the convention 
sets the framework for countries to set up resource management regimes that can sustainably 
utilize a resource, while protecting (even rehabilitating) species and their ecosystems. In 
addition, as a contracting party to the treaty, Denmark is required to submit reports and 
updates as to the progress in achieving these objectives. 
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3.2.2 EU Water Framework Directive 
The EU Water Framework Directive (WFD) is a binding treaty which provides the 
objectives for the European Union states with respect to the management of surface water 
ecosystems, groundwater and coastal waters.  It is then up to the individual member state to 
enact legislation in order to meet the objectives stated in the directive. The WFD differs from 
international treaties such as the CBD and Ramsar Convention, in that the objectives within 
the WFD are binding – not voluntary. If a member state does not comply with the objectives 
in the timeframe provided, then it will be found to be non-compliant in the European Court, 
and could result in some sort of penalty to the offending country. 
The purpose of the WFD is to provide all EU member states with a unified water policy 
and water management system, which addresses the problems in a coherent way (DG 
Environment, 2003). Before the WFD, there were several directives which covered the 
management of water resources, including the Drinking Water Directive, the Urban Waste 
Water Treatment Directive, and the Nitrates Directive. However, in the mid-1990’s it became 
apparent that a unified directive on water policy and management was needed. This led to the 
adoption of the WFD in December 2000. 
The specific aims of the WFD include (DG Environment, 2003): 
• Expand the scope of water protection to cover both surface and ground water. 
• Achieve a “good status” for biological and chemical parameters by 2015. 
• Provide a single system of water management based on river basins. 
• Use a combined approach of emission limit values and quality standards. 
• The price of water, for drinking and wastewater treatment, is to reflect the true costs. 
• Increase public participation in the management of the waters. 
• Streamline legislation by the replacement of the seven previous water management 
directives. 
 
The WFD has clear deadlines for all of the objectives, as listed in Table 3.1. Already by 
the end of 2003, it was required that member states have the river basin districts and 
authorities recognised. In the case of Denmark, this was achieved with the adoption of the 
Environmental Goals for Water and International Protection Sites in December of 2003. This 
law will be discussed in more detail in section 3.3. 
Within its specific goals, the WFD has specific application to ecosystems and the 
utilisation of groundwater abstraction. With regard to ecosystems, the WFD provides that 
ecological protection applies to all waters – the environment should be protected to a high 
level in its entirety (DG Environment, 2003). There is a general requirement that all surface 
waters obtain a “good ecological status” by 2015. The ecological status for water bodies has 
been divided into four categories: high status, good status, moderate status and poor status 
(Table 3.2). Good ecological status is defined in Annex V (EU Parliament, 2000) as: 
“The values of the biological quality elements for the surface water body 
type show low levels of distortion resulting from human activity but deviate 
only slightly from those normally associated with the surface water body 
type under undisturbed conditions.” 
As these values are not absolute, it is up to each individual member state to determine 
what the specific values should be. However, the legislation provides the guidance in that a 
“good ecological status” allows for only a slight departure from the biological community that 
would be expected with no or little anthropogenic influence (DG Environment, 2003). The  
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Table 3.1. Timetable for the implementation of the Water Framework Directive objectives. 
Modified from DG Environment (2003). 
Year Objective Reference 
2003 Transposition in national legislation Article 23 
2003 Identification of river basin districts and 
authorities 
Article 3 
2004 Characterisation of river basin: pressures impacts 
and economic analysis 
Article 5 
2006 Establishment of monitoring network Article 8 
2006 Public consultation begun Article 14 
2008 Present draft river basin management plan Article 13 
2009 Finalise river basin management plan, including 
programme of measures 
Articles 13 and 11 
2010 Introduce pricing policies Article 9 
2012 Make operational programmes and measures Article 11 
2015 Meet environmental objectives Article 4 
 
Table 3.2 Definitions of the ecological status of surface water bodies based on human impact, 
as listed in Annex V of the Water Framework Directive. 
Ecological 
Status 
Definition 
High Very minor or no alterations on the biological community from 
anthropogenic activity.  
Good Only low levels of impact on the biological community from 
anthropogenic activity. 
Moderate Moderate deviation in the biological community as a result of 
anthropogenic activity. 
Poor/Bad Strong to severe deviation in the biological community as a result of 
anthropogenic activity. 
 
only exception to this objective is when there is an overriding policy objective such as 
flood protection or essential drinking water supply. Derogations from the good ecological 
status is allowed, provided that all mitigation measures are taken (DG Environment, 2003).  
The WFD calls for groundwater to be managed on the basis of water balance. Annex V of 
the WFD (EU Parliament, 2000) states: 
“…the level of groundwater is not subject to anthropogenic alterations such 
as would result in: failure to achieve the environmental objectives specified 
under Article 4 for associated surface waters; any significant diminution in 
the status of such waters; any significant damage to terrestrial ecosystems 
which depend directly on the groundwater body.” 
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Furthermore, it states in Article 4, paragraph two, that where more than one standard 
relates to a given body of water, the more stringent standard applies. In essence, the WFD 
dictates that groundwater abstraction must be conducted in so that the fresh water ecosystems 
are not degraded so that a “good ecological status” is not met. This is also the interpretation 
by DG Environment, which states that “for good management, only that portion of the overall 
recharge not needed by the ecology can be abstracted” (DG Environment, 2003). 
 
3.3 Domestic Legislation – Denmark 
Denmark has a long tradition for legislation providing on water management and 
protection of ecosystems. In fact, this legislation dates back all the way to 1926 with the 
adoption of the Danish Water Law. This section will describe the legislation in Denmark that 
cover groundwater abstraction and the protection of freshwater ecosystems. For the purpose 
of this project, these laws will not be dealt with in their entirety – only the sections with direct 
relevance to ecological protection and management of groundwater resources in the River 
Kornerup catchment will be covered. 
 
3.3.1 Water Law of 1926 
The Water Law of 1926 was the first law in Denmark which defined how groundwater 
resources are to be utilised. The essence of the law is that groundwater rights are to be 
distributed on the basis of the water balance - groundwater abstraction is not to exceed the 
amount of infiltration of precipitation into the groundwater reservoir (Ministry of Interior, 
1936). It is on the basis of this law that the groundwater abstraction rights were delegated for 
the River Kornerup catchment. 
 
3.3.2 Environmental Goals for Water and International Protection Sites Act 
The Environmental Goals for Water and International Protection Sites Act was passed in 
December 2003 (Danish Forest and Nature Agency, 2004). Its primary goal is to set the 
framework for the protection of surface and groundwater, as well as planning for within the 
international protection sites. The legislation provides for the following (Danish Forest and 
Nature Agency, 2004): 
Water Management Districts: A total of 13 water management districts were established 
in Denmark. These are based on combining a number of stream catmint areas, as allowed in 
the WFD. This is a change from the 6 districts that existed previously. The River Kornerup 
catchment lies within the management district that covers the counties of Roskilde, 
Copenhagen and Frederiksborg and the municipalities of Copenhagen and Frederiksberg.  
Water Management Plan: For every water management district, there will be established a 
water management plan which covers a period of 6 years. The plan needs to contain a basin 
analysis, information of the locations of protected areas, areas of high, medium and low 
drinking water interest, as well as general environmental goals for the protection of ground 
and surface waters. 
Establishment of Environmental Goals: Each water management plan must state the 
environmental goals for each water body. Degredation of water quality must be prevented, 
and all surface waters must reach a “good ecological status” and a “good chemical status” 
before 22nd of December, 2015. A lesser standard can be allocated if achieving a good status 
is impossible or will results in extraordinarily large costs. However, this can only occur if 
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there are no other alternatives available. More stringent water quality standards can also be set 
for water bodies. 
These three legislative passages in the act all fulfil specific objectives for the WFD and 
illustrate how the WFD is already coming into Danish laws. 
 
3.3.3 Nature Protection Act  
The Nature Protection Act was first passed in 1992, with the last major revision taking 
place in 1999 (Danish Forest and Nature Agency, 2004b). This law specifically allows for 
sustainable development while protecting plant and animal life. Specific objectives of the law 
is to protect nature and its wild animals and plants and their ecosystems, to improve, re-
establish and restore areas of special significance to plants and animals, and to give the people 
access to nature and increase the opportunity for them to experience nature. The law also 
provides the Minister of Environment with the powers to make rules in order to protect or 
regulate the use of wild animals and plants. 
The program of Natura 2000, which falls under the Nature Protection Act, calls for the 
protection of specific areas of special interest (Danish Forest and Nature Agency, 2004b). 
These fall within two different categories – habitat protection areas and bird protection areas. 
Across Denmark, 254 habitat protection areas have been established to protect threatened 
plant and/or animal species. In addition to these, there are 111 areas set aside for the 
protection of habitats used by rare or threatened bird species, or bird species that are sensitive 
to changes in habitat (Danish Forest and Nature Agency, 2004). All of the Danish Ramsar 
sites fall within this category. There is one bird protection site located in the River Kornerup 
catchment, Ramsø, located along River Langvad between the town of Øm and Gadstrup. This 
protection area coincides directly with the Ramsø groundwater abstraction site.  
 
3.3.4 Water Supply Act 
The Water Supply Act was first passed in 1978, with the last major revision taking place 
in 1999. The law was passed in order to protect the people’s and industry’s right for a 
sufficient and clean water supply, while protecting the nature and the environment. This law 
provides the counties with the authority to give the rights to water – both groundwater and 
surface water. The law also stipulates that these water rights can only be for a 30 year period. 
When surface water flow is affected by water abstraction, the counties have the authority to 
establish a minimum (base) flow in the streams, and distribute the water rights based on this 
level. The counties are also required to determine the groundwater interest areas within the 
county – rated on a high-medium-low priority scale. 
 
3.3.5 Environmental Protection Act   
The very first Environmental Protection Act in Denmark was passed in 1973. It has been 
revised several times since, with the last major revision taking place in 2001 (Danish Forest 
and Nature Agency, 2004). The law states that society’s development should take place on a 
sustainable basis with respect for people’s well-being with respect for protection of animal 
and plant life. This act provides the basic protection of the freshwater ecosystems and the 
groundwater resources from anthropogenic sources of pollution. 
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3.3.6 Watercourse Act of 1992 
The Watercourse Act first came into force in 1992, and last updated in 2001 (Danish 
Forest and Nature Agency, 2004). In this act, the administration of streams is set. 
Municipalities are provided with the responsibility of streams that fall within their boundary, 
where as the Counties are responsible for streams that run through multiple municipalities. 
The responsible authority is then tasked with setting the environmental objectives for each 
stream – though no specific objectives or goals for ecological conditions are provided. In 
addition, the act provides the administrative authority with the right to restore and improve 
the watercourse so that it is better suited to support healthy biological communities. The 
Ministry of Environment is then tasked with overseeing the progress in implementing the 
goals. 
 
3.4 Concluding Remarks 
The international treaties of the CBD and Ramsar play an important role in encouraging 
the protection of fresh water habitats. Denmark has been very active in both the CBD and 
Ramsar, and for the Danes not to live up to the protection standards advised by these forums 
would be embarrassing to them. Regardless, the treaty that will have the largest influence on 
the protection of water resources and fresh water ecosystems is the EU Water Framework 
Directive. Denmark has already begun to implement legislation to achieve the objectives set. 
Specifically, the achieving the standard of “good ecological status” by 2015 has already been 
enacted, requiring the counties to work towards this goal. Thus, unless unavoidable, any 
groundwater abstraction that is conducted must be done in a way that it will not result in a 
significant alteration of the freshwater ecology. In fact, groundwater abstraction could be 
forced to be reduced in order to restore damaged habitats. This will play a significant role in 
the future management of groundwater resources in the River Kornerup catchment. 
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4. Theory and Background 
 
Chapter 4 will be introducing the natural science theory behind the project to give the reader a 
thorough background on the investigation and this knowledge can then be used to better 
understand the further chapters. 
 
4.1. Freshwater Ecosystems and Flow Regime 
Freshwater ecosystems are an integral part of the environment and human culture. There 
are strong and intimate links between terrestrial and freshwater systems that shape the 
character and productivity of the surrounding environment. They provide important cultural 
and ecological services (e.g., transportation, recreation, habitat and waste assimilation) as well 
as essential natural resources (e.g., fish, clean drinking water, energy, irrigation) (Bunn and 
Arthington, 2003).  
The  riverine ecosystem is Seen as all components of the landscape that are directly linked 
to that river and all their life forms, including the source area, the channel from source to sea, 
riparian areas, the water in the channel and its physical and chemical components, associated 
groundwater in channel and bank areas, wetlands linked through either surface or sub-surface 
water, floodplains, the estuary, and the near-shore marine ecosystem if this is clearly 
dependant on freshwater inputs (King et.al., 1999).  
Streamflow quantity and timing are critical components of water supply, water quality, 
and the ecological integrity of river systems. Critical physiological characteristics of rivers, 
such as water temperature, channel morphology, and habitat diversity are strongly influenced 
by streamflow. Streamflow also has a strong influence on the distribution and abundance of 
aquatic biota (Power et.al., 1995; Resh et.al., 1988) and regulates the ecological integrity of 
flowing water systems (Fig. 4.1).  Karr and Dudley (1981) proposed the 6 major factors of 
Fig. 4.1 that influence structural and functional characteristics of river ecosystems with 
respect to the distribution and abundance of fish. The 6 factors can be generalised to represent 
factors influencing almost all aquatic organisms and therefore the ecological integrity of the 
riverine ecosystem. Depending on which of the 6 factors being studied, the framework of the 
diagram can be rotated to concentrate on a particular aspect in more detail as has been done 
for flow regime in Fig. 4.1 and show that it still affects the other factors.  
Awareness of the pivotal role flow regime (hydrology) as a key driver of the ecology of 
rivers and their associated floodplains is being recognised more and more in many parts of the 
world (Poff et.al., 1997; Naiman et.al., 2002). All river systems have an individual or 
signature flow regime with particular characteristics relating to the timing, frequency and 
duration of extreme events (e.g., droughts and floods), flow quantity, and temporal attributes 
such as seasonal patterns of flows, rates of change and other aspects of flow variability (Olden 
and Poff, 2002). The physical nature of river channels, sediment regime and water quality, 
biological diversity and key ecological processes sustaining the aquatic ecosystem are 
influenced by the individuality in the hydrological characteristics of the particular river 
system. These processes govern the ecological health of river and the goods and services that 
rivers provide to humans (Naiman et.al., 2002). 
 There is an overwhelming amount of literature throughout the world on the ecological 
impacts of river regulation such as dams, weirs, irrigation, which modifies and affects the 
natural flow regime and therefore all the process associated with it. Due to the amount of 
literature and sometimes conflicting conclusions, a group of ecologists from Europe, Australia  
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Figure 4.1.  This figure shows the six major factors that influence structural and functional 
characteristics of river ecosystems. It also highlights that Flow Regime which is of central 
importance in sustaining the ecological integrity of flowing water systems. The five 
components of the flow regime, magnitude, frequency, duration, timing and rate of change 
influence integrity both directly and indirectly, through their effects on other primary 
regulators of integrity. Modification of flow thus has cascading effects on the ecological 
integrity of rivers. (For more detailed explanation of Flow Regime components See Glossary). 
(Modified from Karr, 1991.) 
 
 
and the USA set out to distil this literature into a series of guiding principles linking 
hydrology and the biodiversity and ecological functioning of rivers and riverine ecosystems 
(Naimen et.al., 2002). 
They are closely interlinked with the five components of the flow regime with which Karr 
(1991; Fig 4.1) described as ‘of central importance in sustaining the ecological integrity of 
flowing water systems’. 
Flow Regime 
5 Components 
  Magnitude 
  Frequency 
  Duration 
  Timing 
  Rate of Change 
Water 
Quality 
Energy 
Sources 
Physical 
Habitat 
Biotic 
Interactions 
Ecological Integrity 
Temperature 
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The Principals are: 
Principle 1 - flow is a major determinant of physical habitat in streams, which in turn is a 
major determinant of biotic composition. 
Principle 2 - aquatic species have evolved life history strategies primarily in direct response 
to natural flow regimes 
Principle 3 - maintenance of natural patterns of longitudinal and lateral connectivity is 
essential to the viability of populations of many riverine systems.  
Principle 4 - aquatic ecosystems are topographically unique in occupying the lowest position 
in the landscape, thereby integrating watershed-scale processes. 
The natural flow regime of a river influences aquatic biodiversity via several, inter-related 
mechanisms that operate over different spatial and temporal scales. The distribution of pool, 
riffle and run habitats, the shape and size of river channels, and the stability of the substrate 
are all largely determined by the interaction between the flow regime and local geology and 
landform (Cobb et.al., 1992; Newsbury and Gaboury, 1993).This complex interaction 
between flow and physical habitat is a major determinant of the distribution, abundance, and 
diversity of stream and river biota and is likely to be driven by large events that influence 
channel form and shape (e.g. droughts and floods) (Poff and Allan, 1995; Nilsson and 
Svedmark, 2002). 
Many fish species display a preference for particular types of habitats such as pools, 
riffles or run areas within a river, as well as well as overhanging banks and overhead cover 
which is directly influenced by flow (Mathews, 1985). The morphological characteristics of a 
typical sinuous Danish stream channel including pools, riffles, point bars and varied channel 
cross-Sections are a perfect example of a riverine ecosystem able to sustain a healthy fish 
population. The advantages of the morphological characteristics of a sinuous channel (Figure 
4.2) include a variety of conditions at normal flow for feeding, breeding and cover, ranging 
from slow, deep flow in pools (excellent adult habitat) to fast, shallow water over riffles and 
deeper runs (habitat for juveniles). At higher discharges shelter areas are available as 
protection against excessive water velocities. Pools, riffles and point bars are composed of 
different bed materials, which create environments for a variety of benthic organisms. In turn 
these organisms provide food for fish and other animals. A sinuous stretch of stream would 
also be expected to have a healthy riparian zone (Figure 4.3) with vegetation that provides 
cover and food for fish and insulates water from excessive temperatures as well as other 
benefits (Brookes, 1987; Brookes, 1984, Nielsen, 1995). 
Modifications to the natural flow regime can affect fish density and diversity within a 
river and impacts can involve any lifestage. A certain lifestage may be affected more 
adversely than another. For example, newly emerging trout alevins hiding in the stream 
substrate can be displaced or exposed to a higher level of predation if a short high flow event 
with enough force to scour the river bed occurs during the emergence life history stage. 
However, this would be unlikely to affect adult trout nearly as much. At the opposite scale, if 
an extended low flow event were to occur during the summer while the developing juvenile 
trout remain in their natal stream before smoltification and migrating to the sea, high stream 
temperatures and low dissolved oxygen could reach levels lethal to developing juvenile trout 
(Meehan, 1991). 
The flow of a river has a major influence on all lifestages of fish with critical life events 
linked to flow regime and changes to these natural flow regimes that are not in natural 
harmony with seasonal cycles can have negative effects on aquatic organisms such as fish 
(Sparks, 1995; Humphries et.al., 1999).   
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The viability of populations of many species of riverine species depends on their ability to 
move freely through the stream network (Principle 3) (Bunn and Arthington, 2002). If this 
movement is inhibited it can affect the biodiversity and the density of aquatic organisms. For 
example, if low flows occur during migration of juvenile trout to the sea and a Section of river 
is dry then this migration is disrupted and can have very detrimental effects for the juvenile 
trout such as increased predation and higher intraspecific competition (Meehan, 1991). 
Nearly all biologically important materials flow downhill. Water, sediment, nutrients and 
contaminates eventually pass by or accumulate at the lowest topographical point, which is 
often part of the aquatic ecosystem (principle 4). When entire catchments or individual stream 
channels are modified, there are changes in the ability of the ecosystem to assimilate and 
balance all the natural processes that occur and that are so important to human societies 
(Postel and Carpenter, 1997). Figure 4.4 shows an example of a stretch of stream that has 
been channelised and straightened. When compared to Figure 4.2 and 4.3, a natural and 
sinuous Section of a stream with a healthy riparian zone, the differences are immense and so 
are the effects on the aquatic life that inhabits the stream (Iversen et.al., 1993; Brookes 1987). 
The distribution of most fish species is closely linked with spatial and temporal variations 
in the six major factors stated by Karr (1991) and presented in figure 4.1  
Many factors determine whether a given species will be present in a stream. Geography 
and evolution are the two over-riding factors. Many species of trout for example are limited in 
range by temperature and also from simply not evolving in an area. Species of trout are able 
to live in New Zealand but are limited by ambient temperature which in turn influences 
stream temperature. These trout would never have lived in New Zealand if not for the fact that 
they were introduced from Europe as they did not evolve in this geographic region (Scott and 
Poynter 1991). 
 
4.2 Brown Trout (Salmo trutta) Ecology  
Brown trout (Salmo trutta) are carnivores with well developed sense organs. They flourish 
in unpolluted, well oxygenated rivers, reservoirs, lakes and fjords. Once restricted to Europe, 
the brown trout is now a global species, having been introduced into at least 24 countries. 
This success is probably due to the polymorphic nature of this species. There are large 
variations in its quantitative ecology, both between and within populations. This is most 
obvious in the wide range of life cycles found in this species. In some populations, the trout 
remain in their natal stream and grow slowly to become small Salmo trutta (resident trout) 
that are typical of many upland streams. Within these populations and in other populations 
only juveniles remain in their natal stream and older trout migrate to the nearest lake (lake 
trout), estuary (estuarine or slob trout), or sea (sea trout) (Elliot, 1994).  Salmo trutta habitats 
are a product of the geology and soils, topography, vegetation, climate, and hydrology of a 
catchment. For the most part, these catchment characteristics remain fairly constant, and so 
does the productivity of the aquatic habitats. Any change in these conditions, however, can 
bring about changes in habitats that may greatly affect Salmo trutta populations. These 
changes may be caused by human activities such as water abstraction, road construction, 
livestock grazing, wastewater treatment plants and mining, or by natural events such as 
floods, droughts mass soil movements, wind and fire (Meehan, 1991). 
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Figure 4.2 The typical natural morphology of a sinuous reach of stream in Denmark. P = 
Pool, Pb = point bar, Rf = riffle, Div = divergent, Con = convergent flow (See glossary for 
explanation of terms). Usually a stretch of sinuous stream would also contain the 
characteristics of Figure 4.3. (From Madsen, 1995).  
 
Figure 4.3. The benefits of riparian vegetation: 
1.  The shade keeps the water cool and oxygenated. 
2.  Insects and other small animals from among the plants are caught by trout when they 
fall into the water. 
3.  The larvae of aquatic insects crawl up and metamorphose into adults. 
4.  Aquatic insects lay their eggs here and small larvae fall into water. 
5.  The stream’s adult insects Seek shelter here. 
6.  Birds from the fields nest here. 
7.  A good habitat for butterflies and beetles. 
8.  The roots reinforce the banks. 
9.  Birds find food in the trees. 
10.  Many insects solely inhabit trees. 
11.  The roots of the trees are a good hiding place for trout. 
12. Dead leaves area good food source for the aquatic invertebrates. 
The study reach on R. Ledreborg has similar characteristic to both Figure 4.2 and the above 
figure. (From Madsen, 1995). 
 36 
 
Figure 4.4. A straightened and channelised Section of stream. In Denmark before the 
introduction of the Watercourse Act in 1982, this was the model for a perfectly managed 
stream. The diagram contains very few characteristics of a natural sinuous stream (Figure 
4.2 and 4.3). Both studies reaches upon R. Langvad and R. Tokkerup are characterised by the 
above figure.  (Modified from Iversen et.al., 1993). 
 
4.2.1. Different Lifestages and Their varying Requirements. 
The lifestage of a species can have an impact on how it interacts with the natural 
morphology of a river. Different lifestages even within the same species require different 
habitat requirements (Armstrong et.al., 2003).  A brown trout’s relation to the stream 
ecosystem depends on its lifestage. A typical life cycle of a sea-run brown trout consists of 
several stages, each with different habitat requirements. Fig 4.5 shows the typical life cycle of 
anadromous salmonids with the different stages and how much time is spent in each stage. 
The brown trout is an anadromous (sea-run) salmonid and has a very similar life cycle to what 
figure 4.5 depicts. In some cases a small number of brown trout remain in their natal streams 
for their entire lives (resident trout) never migrating to the sea or to lakes. Among other 
things, adults require spawning gravel and cover from predators; eggs and alevins require 
stable gravel and cool, oxygenated water; and rearing juveniles require food and cover 
(Murphy et.al., 1991).  
Different lifestages react differently to anthropogenic influences and this is reflected in 
their preference for different habitat variables. For example, brown trout lifestages after 
hatching are usually defined into 3 categories (i.e. fry, juvenile and adult). Figure 4.6 presents 
the different habitat requirements when considering microhabitat variables influence on 
brown trout ecology. This can have a big influence on managing whole populations 
depending on which lifestage you are considering. Also the ecology of the fish must be 
considered. For example, when considering management options for brown trout and their 
flow requirements in Denmark, both lifestage and habitat requirements of the lifestage must 
Riparian zone 
completley 
removed. Stream severely 
channelised and 
widened. 
Aquatic plants 
removed, 
variation in 
substrate also 
removed. 
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Figure 4.5.  Typical life cycle of anadromous salmonids. Brown trout have a salmonid 
with a lifecycle indicative of the lifecycle above (From Meehan 1991) 
 
be incorporated into any management plan (Fjorback et.al., 2002). In Denmark, the Instream 
Management Objective (IMO) is often to provide spawning grounds where adult brown trout 
can migrate up the stream to spawn and many restoration projects have concentrated on 
providing conditions in the streams (e.g. putting suitable spawning gravel into the streams) for 
this to occur (Iversen et.al., 1993). However, for the restoration process to be a success, then 
other factors that directly affect the lifestage (i.e. egg and fry) such as sedimentation and 
organic matter must also be considered (Conallin, 2003). A factor such as sedimentation is 
less likely to affect the lifestage of adult brown trout directly as in the case of egg incubation 
and fry emergence (Fig. 4.5). Adult brown trout are usually anadromous (sea-run) in 
Denmark. Some remain in the natal stream but these are usually small resident males, with the 
majority moving to the sea to mature after which they only migrate back to their natal stream 
to spawn and then migrate back to the sea (as is the case for River Langvad and R. Tokkerup). 
Figure 4.7 shows the different lifestages and the time spent in the stream for Salmo trutta in 
streams situated in Denmark and also refers to the local differences on the island Zealand. The 
time spent in each of these stages may vary slightly due to climatic differences for each year.   
 
4.2.2. Salmo trutta as an Ecological Indicator 
Ecological indicators are measures of environmental quality that are used to assess the status 
and trends of environmental conditions. Their purpose is to show how well a system is 
working. If there is a problem, an indicator can help determine the problem what direction to 
take to address the issue. To be effective, an indicator must be: 
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• Relevant, so that it is able to show you something about the system that you need to 
know; 
• Sensitive enough so as to be one of the first species to be significantly affected by a 
change;  
• Reliable, so the information the indicator provides is quantifiable and trustworthy; 
• Timely, as to act as an early warning system so the information is available while 
there is still time to act; and  
Easy to understand, this includes non experts such as the general public. 
                         
 
 
Figure 4.6. Habitat Suitability Curves for Salmo trutta. Note the differences in preferences 
between the lifestages. For example adult Salmo trutta prefer deeper water while Juvenile 
and fry Salmo trutta prefer shallower water (Modified from Lund 1996).  
  
 
 
Area suitable for chosen indicator 
species and lifestage 
Area not suitable for chosen 
indicator species and lifestage 
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Figure 4.7. Lifecycle of Salmo trutta in relation to Denmark. Some of the time spent in 
different lifestages can vary slightly due to the year (e.g. below average temperature year) 
(Modified from Rasmussen, 2004) 
Ecological indicators must be able to quantify information to make its significance 
apparent, and must simplify that information to improve communication (Beecher, 1990). 
Fish are a useful indicator in that certain species of fish fulfil all the requirements 
mentioned above. When using a species of fish as an ecological indicator, it is critical to 
understand the habitat requirements and behavioural ecology of the fish species so that the 
fish fulfils the requirements above. Even though brown trout and carp (Cyprinus carpio) are 
able to inhabit the same habitats, brown trout are much more sensitive to changes in the 
stream environment than carp in Denmark. Figure 4.8 shows the thermal requirements for a 
brown trout in comparison to a carp. If the authorities were considering a suitable indicator 
for low-flow problems in Danish streams then brown trout would be ideally suited as they are 
sensitive to elevated stream temperatures which occur if low flows are being experienced in 
streams, whereas if carp were chosen, before they started to show signs of stress it is most 
likely that all other stream organisms will have been severely affected and may be too late to 
correct the problem (Gordon et.al., 1994). 
Lifestages and time spent in stream for Salmo trutta in Danish Streams 
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Fry: 0 – 3 months 
Juvenile: 3 months to 2 years (1 year before smoltification on the island of Zealand) 
Resident: Spend entire lifecycle in natal stream. Usually mature faster than sea-run trout 
but are smaller and usually a greater proportion of males. 
Sea-run Adult: 0 – 2+ years.  Males usually mature after spending six months in the sea 
where it can take females 2+ years before they mature and migrate back up to spawn. At 
this stage they can weigh around 2 kg and approx 50 cm in length and can contain up to 
2000 eggs per female 
Spawning: Usually begins in November and runs through to January. The height of 
migration is in December. 
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In relation to flow related ecological indicators, brown trout are well suited again. Hanson 
(1977) stated that rather than using all fish as ecological indicators, the standard should focus 
on a few larger, cultural important, flow sensitive fish. As larger fish are generally less 
numerous than smaller fish, a decline in density can be realised earlier than other smaller 
more numerous species. Jowett (1993) showed that flow requirements for trout and their food 
sources (e.g. EPT composition) were higher than other fish species and that by setting 
environmental flow requirements (EFRs) for trout it would provide adequate protection for 
other species  
As predators, brown trout are influenced by energy flow processes operating at all levels 
in the stream ecosystem, from primary production to decomposition, as well as physical 
conditions of the habitat and therefore can provide the early warning system needed by 
authorities to detect changes in a stream environment so as to have time to act to identify and 
then rectify the problem (Meehan, 1991).  
 
4.3 Large Rivers and Small Streams 
Morphological and hydraulic features vary considerably between types and sizes of river. 
These considerations suggest that flow effects on riverine biota will vary with stream type and 
size. A reduction or increase in flow will affect a small stream more than a larger one. In 
relation to reductions in flow, in a large or high gradient stream flow reduction often reduces 
velocities into a usable range for species inhabiting the stream, whereas flow reduction in a 
small stream reduces the depth below a usable range for the biota. Small streams are at greater 
risk than large ones as velocity and depth is already low. For example, a flow reduction in a 
large river of 70% may still hold enough habitat refuges (e.g. deep pools) for the biota to 
survive until flow returns to normal levels. For a small stream that doesn’t have habitat 
refuges such as deep pools, the aquatic biota will be badly affected and depending on the 
duration of low flow will have to move or die.  
Depending on whether dealing with small or large rivers, it has a big influence on their 
management.  Beecher (1990) stated that he observed frequent water availability above what 
is needed to maximise habitat availability in large or high gradient streams and very 
infrequent water availability above for what is needed to maximise habitat availability in 
small, low-gradient streams (Figure 4.9). He concluded that many of the flows designated as 
environmental flows exceeded what was needed for habitat to sustain a healthy species 
population in the large rivers and that the same percentage flows (e.g. a certain percentage of 
the natural flow regime such as 30%) were inadequate to sustain a healthy species population 
within smaller streams.  
Small changes in flow in both directions (i.e. increase or decrease in flow) in small 
streams can have major influences on the health and integrity of the aquatic ecosystem. In 
small streams it is the shallower areas (e.g. riffles and runs) that fry and juvenile lifestages of 
brown trout prefer to utilise. As flow decreases it is these habitats that disappear first, forcing 
the fry and juveniles into sub-optimal habitats such as pools where adult brown trout prefer. 
This increases predation and intraspecific competition between the lifestages. If every year the 
habitats preferred by fry and juveniles is reduced and they are forced to move into areas such 
as pools and face high predation rates, the natural recruitment ability of brown trout 
populations is  reduced. Many of the streams in Denmark and the streams in this study are 
characterised as small low gradient streams and reductions in flow can have negative impacts 
upon the local brown trout population. At the same time small increases in flow can have 
positive impacts for the local brown trout population.  
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Figure 4.8.  Comparison of the thermal requirements of carp and brown trout. Both these 
species can live in the same environment under normal conditions but Salmo trutta are highly 
sensitive to environmental changes compared to carp ( Cyprinus carpio) (From Elliot 1981).  
 
 
Figure 4.9. In single-channel streams, duration of availability of at least a given quantity of 
habitat is most limited in small, low-gradient streams. (Modified from Beecher, 1990)   
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 4.4. Surface and Groundwater Interaction  
Water flow into streams comes from four primary sources (Fetter, 1987): 
• Interflow through soils and shallow earth; 
• Overland flow; 
• Treated wastewater discharge into the streams; and 
• Groundwater. 
Interflow occurs when precipitation falls on the ground and infiltrates into the root zone – 
the zone of highly permeable, weathered (decomposed) rock and sediments in which roots can 
penetrate through (Fetter, 1988). The water will either move along the boundary between the 
root zone and the less permeable sedimentary rocks (in Denmark the Quaternary glacial or the 
Tertiary limestone deposits), moving downhill eventually reaching streams, lakes or wetlands 
(Fig. 4.10). Not all of the water moving in the root zone reaches the streams. Some of it 
infiltrates into the underlying sediments and recharge the groundwater aquifer. The amount 
of recharge depends on the permeability of the sediments (the higher the sediment 
permeability, the more recharge and less overland flow). In Denmark, overland flow and 
groundwater recharge is very dependent on the season. Since overland flow occurs in the root 
zone, plants utilize this water during transpiration. In the summer months, transpiration 
exceeds precipitation, and more water is actually removed from the soils than is replenished 
by rainfall (Fig. 4.11; Schrøder, 1979). Thus, very little water is added to the streams via the 
shallow, weathered zone in the summer time. In the winter, the situation is just the opposite, 
where very little water is being removed from the weathered zone from transpiration. Thus, a 
much greater portion of the precipitation will reach the streams via overland flow during the 
winter months.  
Overland flow is the flow that reaches the streams by flowing directly on the surface. This 
can only occur when the precipitation rate exceeds the infiltration capacity of the soils (Fetter, 
1988). The water simply cannot infiltrate into the soil, and thus must flow over on the surface. 
Field drains are included in this category, since they collect the water into pipes and transport 
the water directly to the streams. The retention period between the precipitation episode and 
when the water reaches the stream is the shortest with overland flow. Untreated storm 
drainage water from roads, buildings, and other developed areas are considered overland flow, 
since it flows along the surface, emptying directly into streams or ditches (the storm drainage 
does not go through the general sewer system in the study area; Roskilde Amt, 1992a). 
Treated wastewater is a constant source of water for the streams. There will always be 
waste water that needs to be treated, and thus the water will be discharged into the streams at 
relatively the same rate all year round.  
Groundwater is not static, and is constantly in motion. The water that infiltrates into the 
groundwater aquifer (as opposed to travelling through the weather zone as described above) it 
causes the groundwater table to rise, creating a pressure. The water will then flow towards 
areas of lower pressure (also elevation) on the groundwater table. Streams often occupy the 
lower points on the groundwater table, (See Section 4.1, Principle 4) and thus the 
groundwater will flow towards the streams. This water will slowly leak into the stream to 
increase its flow. When the water table rises above the ground surface, springs can occur 
through fracture zones, adding even further to the flow in the streams. 
In general, streams can be classified into two different categories: gaining streams and 
losing streams. Gaining streams are streams which groundwater is feeding into the flow. 
However, if the water table is below the stream level, then the stream could act as a recharge 
source for the groundwater aquifer. In this case, the stream is losing water into the ground and  
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Figure 4.10. Water infiltrating into the root zone will flow along the boundary of the 
unweathered sedimentary rocks and flow towards the stream as interflow. (From Fetter, 
1988). 
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Figure 4.11. Basic soil water budget. P is precipitation, Ep is potential evapotranspiration 
and Ea is actual evapotranspiration. Area A (cross-hatched)represents the water taken by 
plants from the soils, area B represents the potential water that could be used, area C 
represents the precipitation that is required to replenish the root zone with water (to its field 
capacity) and area D represents excess water available for interflow to the streams or 
recharge to the groundwater aquifers. (Modified from Schrøder and Bondesen, 1979).  
 
is classified as a losing stream (Figure 4.12). Losing streams can go dry when there is no 
overland or interflow reaching the streams, where as gaining streams will always have a flow 
of water due to input from groundwater providing a baseflow.A stream can also change from 
a gaining stream to a losing stream as the water table moves up and down due to changes in 
the rate of recharge into the groundwater aquifer; during extended dry periods, the 
groundwater table could sink to a level below the stream, making it a losing stream (Fetter, 
1988). 
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4.5. Effect of Groundwater Abstraction on Streams and Wetlands 
As described in the Section above, groundwater is the primary supplier of a stream’s 
baseflow. Without this constant supply of water, the streams would go dry during dry times 
where no overland or interflow is taking place (excepting the wastewater input). Groundwater 
abstraction takes water out of the system, effectively reducing the amount of recharge into the 
aquifer, reducing the level of the water table (Owen, 1991). This will have a direct effect on 
the baseflow input of the stream. As the overall pressure is reduced the amount of water 
entering into the stream will also be reduced. If the cone of depression from the abstraction 
well reaches the stream, it could cause the stream to change from a gaining to a losing stream, 
inducing recharge to the aquifer (Fig. 4.13). In some cases, if the abstraction lowers the water 
table enough, it could even cause the stream to go dry if the potential infiltration rate into the 
ground exceeds stream flow. In the end, a decrease in stream base flow compensates for the 
difference in actual recharge and groundwater abstraction; the water being abstracted is no 
longer available for the base flow of the streams (Custodio, 2002). 
 
 
Figure 4.12. Gaining and losing streams. A illustrates a losing stream, where the 
groundwater table is below stream level, and water from the stream is infiltrating into the 
ground and replenishing the aquifer. B illustrates a gaining stream. Groundwater flows 
directly into the stream, providing it with its base flow. ( From Fetter, 1988).  
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Groundwater abstraction will also have a direct effect on the discharge into springs and 
wetlands. As the groundwater table is reduced due to abstraction, the area for springs and 
wetlands to occur is also reduced; with the lowering of the water table the potential discharge 
area of the springs and wetlands will move down the valley. All of the springs and wetlands 
that were between the original and the migrated perennial source will go dry. If the 
groundwater table is lowered enough, entire areas of wetlands and springs can be lost. 
The water balance of a system is extremely important when considering the effect that 
groundwater abstraction can have on surface streams. When groundwater abstraction is near 
to or exceeds the total recharge, then the aquifer is being overexploited (Custodio, 2002). A 
simple water balance equation for a system is: 
P = R + E + G 
Where P is precipitation, R is runoff (primarily in streams), E is evapotranspiration, and G 
is groundwater recharge (Fetter, 1988). From this equation, it can be Seen that the amount of 
recharge into a system (G) is the precipitation minus runoff and evapotranspiration – this is 
the maximum that can be abstracted without overexploiting the aquifer. Since we can measure 
precipitation, runoff and evapotranspiration with relative accuracy, then the groundwater 
recharge can be estimated. When groundwater abstraction exceeds recharge, you effectively 
start mining water – it is no longer sustainable. The long term response will be two-fold. First 
of all, the extent of your groundwater basin will increase via depression in the groundwater 
surface, until the point where recharge can equilibrate with groundwater abstraction 
(Custodio, 2002). Secondly, the amount of water one is physically able to abstract from the 
wells will decrease, due to the decrease in groundwater pressure, and eventually equilibrate to 
a point again where the reduced abstraction rate is equal to or less than the recharge. On the 
other hand, if groundwater abstraction is less than the recharge, then you will just be 
abstracting the water that is flowing out of the system (i.e. from the local to the regional 
groundwater system, or into surface waters) 
 
 
 
 
 
Figure 4.13. On the right, schematic cross-Section of drawdown from a well causing a 
naturally gaining stream to become a losing stream. On the left, schematic cross-Section of 
drawdown from a well causing a migration of the perennial source for springs and wetlands. 
Between the original and migrated perennial source is the area where springs and wetlands 
have dried up due to groundwater abstraction. (Modified from Owen 1991).  
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3.6. Low Flows and Anthropogenic Influences 
 
3.6.1. Low-Flow Hydrology 
Any discussion centred on low-flow hydrology and its related issues should begin with a 
definition of what low-flow really is. To different interest groups, it can have different 
meanings. To many it may be considered as the actual flows in a river or stream occurring 
during the dry season of the year. Others may be interested in the effects of changes on the 
total flow regime of a river and how it influences sustainable water yield or riverine ecology. 
The latter may view low flows not only as discharges during a dry season, but as a reduction 
in various aspects of the overall flow regime (Smakhtin, 2001). 
The International glossary of hydrology (WMO, 1974) defines low-flow as ‘flow of water 
in a stream during prolonged dry weather’. The problem with this definition is there is no 
clear distinction between low flows and droughts. Low-flow events are often a seasonal 
phenomenon, and an integral part of the flow regime (Arthington and Pusey, 2003). Droughts 
result from less than average precipitation and usually last for an extended period of time, i.e. 
more than one season (Clausen and Peterson, 1997).     
Most freshwater ecology research until now has centred on high-flow events such as 
floods. The reason being that floods play a major role in riverine ecology and flow 
management. It is regarded as one of the most important hydrological factors influencing the 
structure and function of stream communities. The magnitude and frequency of floods 
influences how often biota is affected and stream biota adapts to a certain regime of a 
particular stream. (Jowett 1997, Lake, 2000). However, it is now being recognised that low-
flow events such as droughts also play an integral role in defining the characteristics of a 
riverine ecosystem. Considerably less is known about the negative impacts of low flows on 
riverine biota. Short duration low-flow events (e.g. a few weeks) will have less effect on 
aquatic biota then a low-flow event that lasts for an extended period of time (an entire 
summer). Species that have evolved in a particular stream will have adapted to its specific 
flow regime and will be adapted to handle the variations in the streamflow (See Section 4.1, 
Principle 2). Very few streams are characterised by a flow regime that remains constant 
throughout the entire year and natural seasonal flow variation is regarded as an essential part 
of the life cycle of many riverine species (Arthington and Pusey, 2003), but anthropogenic 
flow changes that exceed the tolerance of the locally adapted biota are often detrimental 
(Clausen et al., 2004). 
Prolonged low flows occur in rivers usually during an extended dry period such as a 
drought. Streams that receive their baseflow from groundwater springs and the streams 
associated biota can remain generally unaffected due to groundwater providing a baseflow in 
which species have evolved life history strategies to deal with the variability of flows 
experienced within a particular stream (Principle 2) (Elliot et.al., 1997).There is very little 
anyone can do when low flows are generally a result of a drought.  However, there are many 
rivers which are unacceptably low, even in normal years, due to human modification of the 
natural flow regime (See Section 4.6.3) (Swinnerton et.al., 1993).                
There are many natural processes and driving forces of low flow hydrology within any 
stream catchment. All flows in a river are the result of complex natural processes, which 
operate on a catchment scale. Conceptually, a river catchment can be perceived as a series of 
interlinked reservoirs, each of which has components of recharge, storage and discharge. 
Recharge to the whole system is largely dependant on precipitation, whereas storage and 
discharge are complex functions of catchment morphology. During the dry season of the year 
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when low flows occur or during a drought, it is those processes that affect the release of water 
from storage. These processes are usually operative in the vicinity of the river channel zones. 
The natural factors which influence the various aspects of the low flow regime of the river 
include the distribution and infiltration characteristics of soils, the hydraulic characteristics 
and extent of aquifers, the rate, frequency and amount of recharge, the evapotranspiration 
rates from the basin, distribution of vegetation types, topography and climate. These factors 
and processes can be grouped into those affecting gains and losses to streamflow during the 
dry season of the year (Smakhtin, 2001). 
For many rivers, the majority of natural gains to streamflow during low flow periods are 
derived from groundwater storage. This occurs where stream channels intersect the main 
phreatic surface in a draining aquifer or fractures from the tertiary aquifers allow groundwater 
to form springs. For low flows to sustain a healthy riverine ecosystem that has good 
ecological status: 
1. The draining quaternary aquifer must be recharged seasonally with adequate amounts of 
moisture; 
2. If springs derive their water from tertiary aquifers then the pressure of the aquifer must 
be maintained; 
3. The water table must be shallow enough to be intersected by the stream; and 
4. The aquifers size and hydraulic properties must be sufficient to maintain flows 
throughout the dry season (Smakhtin 2001).  
Gains to low flows can also be derived from the drainage of near surface valley bottom (or 
near channel) storages such as more permanently wetted channel bank soils, alluvial valley 
fills or wetlands. These are areas where water becomes concentrated during and soon after 
precipitation events and therefore adequate levels of storage are maintained during the dry 
season to ensure uninterrupted lateral drainage into channels. Although this is not actual 
‘groundwater’, it is possible for these two water storages to be in direct hydraulic contact. All 
of these low-flow generating mechanisms are significantly affected by catchment geology. 
Catchment geology can vary considerably between areas and even within a catchment the 
geology can differ. Therefore rivers within the same catchment can vary from each other in 
the mechanisms that direct low-flow events and this becomes an important consideration 
when researching low flows. Chapter 5 provides a more detailed description of the geology 
influencing the 3 study streams.  
The relevance of different gain and loss processes to the wide variety of climatic, 
topographic and geological conditions that exist naturally is difficult to determine. The 
literature that specifically relates to experimental studies of various low-flow generating 
mechanisms is rather limited (Smakhtin, 2001). At the same time, identification of the relative 
important various low-flow generation mechanisms should ideally precede any low-flow 
analysis and also form an integral part in the process of Integrated Catchment Management 
Strategy (ICMS) (Owen, 1991).  
 
4.6.2. Ecological negative impacts of low-flow events 
When a low-flow event extends longer than what is normally encountered, river 
characteristics related to flow start to change. Algae start to develop and this results in a 
gradual change in the invertebrate community. With an increase in algae, the numbers of 
macroinvertebrates that feed on the algae also increase, resulting in more food available to 
fish. So initially there is a positive response but this often reverses if the low-flow event 
extends and the algae forms mats and takes over the entire stream bottom. Large diurnal 
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fluctuations in dissolved oxygen content and pH are experienced in the stream due to the 
excessive growth and the reduction in both water and water velocity. Many species of fish and 
macroinvertebrates are not adapted to these diurnal fluctuations and often under these 
conditions lethal limits for intolerant biota is reached (Clausen et al., 2004).  
Because macroinvertebrates are relatively slow moving and often found in slow water, 
extreme low-flow events have a major negative impact on both density and diversity. For 
example species such as mayfly and stonefly larvae, which are not well adapted to extreme 
low-flow events, will decline and species such as aquatic worms, midges and molluscs with 
larger tolerance will start to dominate. This change in density and diversity can have extreme 
negative impacts on other riverine species such as trout as their main food sources are reduced 
(See Section 3.2) (Clausen et al., 2004). Wetted area of the stream reduces and this leads to a 
loss of habitat and in extreme cases connectivity. With less water and a reduced velocity 
dilution of pollutants is reduced and eventually the physical and chemical environment may 
become unsuitable for some species to survive. Both interspecific and intraspecific 
competition increases and predation often increases. With the combination of less water, 
reduced water velocity and warm sunny weather, high temperatures and extreme fluctuating 
dissolved oxygen levels. Aquatic biota has to either leave that Section of stream or perish as a 
result. As mentioned with the macroinvertebrates, many species including macrophytes and 
juvenile fish are unable to relocate and perish. (Brooker et.al., 1977)  
If the stream becomes fragmented during an extreme low-flow event this can have major 
implications for the entire stream system. Fish are especially affected if they require passage 
to the sea, and different age classes of fish are affected differently, the smaller and younger 
often the worst affected. Fishing pressure often increases and predatory birds catch fish 
trapped in pools and macroinvertebrates in shallow riffles (See Section 4.2.1,). 
 
4.6.3. Anthropogenic influences on flow regime. 
There are various anthropogenic sources that negatively impact on streamflow. Low flows 
become a serious problem when they are exacerbated from human interference to the natural 
flow regime (Owen 1991). Due to the variety of direct or indirect anthropogenic negative 
impacts on streamflow in river catchments, the low-flow regimes of many rivers have been 
significantly modified and the origin of water in a stream during low-flow conditions has been 
significantly altered. In many cases, low flows have been effectively removed or reversed 
from the natural flow regime. This has had extremely negative impacts on many Australian 
rivers due for the demand for irrigation water during the summer irrigation months when 
flows would naturally be low in the rivers. (Arthington and Pusey 2003). The other extreme is 
the artificial generation of low flows or the exacerbation of amount and duration of low flows 
within river catchments. This is the case in different catchments in countries such as Denmark 
and England (Cross et.al., 1995), mainly due to groundwater abstraction for urban water 
purposes. The draining of wetland areas that also provide important baseflow when streams 
are experiencing low-flow events has further exacerbated the problem (Brookes, 1987). 
  Although many of the sources of anthropogenic influence on low flows has been 
recognised and a significant amount of specialist knowledge has been accumulated in the field 
of low-flow hydrology in last 20 years (e.g. groundwater abstraction, deforestation, wetland 
drainage), the way in which they influence and negatively impact on the natural flow regime 
and the riverine ecosystem as a whole is not fully understood.  
Three major anthropogenic influences on the stream flow that negatively impact on a 
catchments ability to supply water to the stream during times of low-flow are: 1. Groundwater 
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abstraction, 2. Artificial Drainage and 3.Vegetation Change. These three negative impacts are 
relevant to Denmark and more specifically the R. Kornerup catchment. The three streams 
under investigation are all influenced by these changes to some degree.  
1.   Groundwater abstraction to supply drinking water for the region and the capital city 
Copenhagen is the most relevant and negatively impacting anthropogenic influence within 
the Kornerup catchment. Groundwater abstraction, from both the sub surface aquifers 
(quaternary aquifers) and the deeper aquifers (tertiary aquifers) with the catchment area 
affects the amount of available water to the stream during the ‘dry season’ and if a 
drought occurs this addition of water from these aquifers is crucial to the maintaining of 
the riverine ecosystem (Custodio, 2002). 
2.   Artificial drainage of valley bottom soils for agriculture or building construction purposes. 
This can lead to more rapid removal of water from valley bottom storage and a reduction 
in the sustainability of lateral drainage during dry weather (Brookes, 1987; Fetter, 1988). 
3.   Changes to the vegetation regime in valley bottom areas through clearing or planting. 
These changes can modify the levels of evapotranspiration loss from riparian soils, 
thereby affecting gains or losses to bank or alluvial storage (Keppeler and Ziemer, 1990). 
There are several other anthropogenic sources that negatively impact upon low flows 
within rivers such as aforestation, and urbanisation but are viewed as not within the scope of 
this investigation and will not be discussed.  
Even though all river or streams are unique, they all contain common features. The 
flowing water, the distribution of water depths and velocities can characterise a stream. The 
size of the stream, bed material, and bed slope influence the morphology of the stream. All 
these characteristics combine to determine the water depths, velocities and the type of biota 
that has adapted to survive in the stream. These factors are often related to flow, and changes 
to flow (e.g. water abstraction) can have major implications for the natural stream ecosystem. 
Other factors related to flow but not entirely directly, can also influence stream ecosystems. 
Water quality, temperature, competition between species can also have major influences on 
riverine habitats (Figure 4.1). Due to these factors being related they can significantly affect 
each other either directly or indirectly in a positive or negative way. For example, streams 
experiencing a prolonged low-flow event in the summer, and in which both quantity and 
velocity of water has been significantly reduced (Flow Regime), usually will have higher 
water temperatures (Temperature) and lower water quality (Water Quality) as well as 
fluctuating dissolved oxygen levels (See Fig. 4.1.) (Beran and Gustard, 1977). 
The method in which water available to the stream is abstracted i.e. directly from the 
stream or reduction in groundwater input to the stream from natural springs due to 
groundwater abstraction, result in very similar physical and biological consequences and 
repercussions. Understanding of low-flow processes and reliable low-flow information is 
attracting more attention from the side of integrated catchment management. In the context of 
such management, low flows should be viewed as a dynamic concept and not described by 
just one single low-flow characteristic. With the increasing demand upon water resources and 
growing concern for environmental protection over the last decades, combined with the 
realisation and identification of the negative impacts of prolonged low-flow events on riverine 
biota, greater attention has been given to the allocation of water for instream needs 
(environmental flows). When focussing attention on low-flow alleviation, emphasis is now 
being given to a time series of flows from which a variety of low-flow requirements may be 
extracted to satisfy different management and engineering requirements (Petts and Maddock, 
1996). 
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4.7. Environmental Flows 
Instream flows provided for environmental reasons are often termed environmental flows 
and the methodology behind determining environmental flows is known as environmental 
flow assessments (EFAs). An EFA is an assessment of how much of the original flow regime 
of a river should continue to flow down it in order to maintain specified valued features of the 
riverine ecosystem. It is used to assess how much water can be abstracted from a river without 
an unacceptable level of degradation of the riverine ecosystem or, for a highly modified river 
with much abstraction, how much of its original flow should be reinstated in order to 
rehabilitate the ecosystem to some required condition. The output from an EFA is an 
Environmental Flow Requirement (EFR) or a range of EFRs for different seasons and 
different lifestages.  
 
4.7.1. Environmental Flow Assessments (EFAs) 
Traditionally from the late 1940s up to the 1970s EFAs had the narrow objective of 
defining the flow required to maintain suitable conditions for some valued aquatic species 
(e.g. salmonids or to conserve a recreational aspect of a riverine ecosystem e.g. canoeing). 
During the last decade, particularly in South Africa and Australia, the objectives have become 
more comprehensive, with a more ‘holistic’ approach (Arthington et.al., 2003) evolving that 
describes the flows required for maintenance of some defined condition of most or all the 
components of the riverine ecosystem (Section 4.1) and also incorporates the socio-economic 
implications of these modified flow regimes. The socio-economic implications for any EFA 
focus on the tangible costs such as direct loss of income and the intangible costs such as the 
potential loss or gain of income from tourism, as well as the loss of intrinsic and irreplaceable 
riverine features (King et.al., 1999). 
This can be divided into two areas: 
1.   The different flow regimes required to maintain the riverine ecosystem at various levels of 
health 
2.   The ways those different levels of riverine health will affect people  
When considering point 1, if the Instream Management Objective (IMO) set for the 
stream relates to the maintenance of the local fish population, or more specifically a certain 
fish species (e.g. the local brown trout population), then it can be divided into 3 main 
requirements. These are devised by taking into consideration many different factors such as 
lifestage of the species (e.g. fry, juvenile, adult) (Section 3.2).  For a brown trout population, 
the main EFR ranges that could be used are divided into 3 flow ranges. The last range can 
also be defined as a point which flows should never drop below, similar to a minimum flow 
requirement prediction. The three requirements below are modified from Tunbridge and 
Glenane (1988) and Gordon et.al., (1994).  
An Optimum Available Habitat Range (OAHR) allows enough usable habitat area for the 
full production of fish (i.e. enough habitat to support the lifestages needed to produce a 
healthy self sustaining population), especially for recovery after a period of stress (e.g. 
drought, overfishing). 
A Degrading Available Habitat Range (DAHR) allows enough usable habitat area, which 
would result in little or no reduction in number of fish, for average rainfall years. If flows are 
maintained in this range for an extended period of time (e.g. a number of years) than the 
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population could decline due to habitat area declining to sub-optimal levels (Jowett, 1992). 
The population could also become more susceptible to other pressures such as over-fishing, 
predation etc. 
A Severely Degrading Available Habitat Range (SDHR) only allows for a limited usable 
habitat area, which may cause a reduction in numbers of fish, and eventual loss of species if 
flows are maintained at this level for extended periods of time. It is expected that if the 
baseflow drops below into this level, water velocity and depth will be at critical limits for 
survival of aquatic biota and would only sustain short-term survival habitat for most aquatic 
biota (Beecher, 1990). It is not expected that flow levels will enter this flow range in normal 
rainfall years and only in extreme cases of drought will flow levels be expected to decrease 
near this range.  
These ranges can only be identified when using dynamic models such as habitat 
modelling methods that produce a range of flows. Methods that produce single minimum flow 
values cannot incorporate such ranges and are now regarded as inferior methods when 
producing EFRs for rivers (Jowett, 1997). 
 Defining EFR ranges from Reach Habitat Curves RHCs (the graph that gives you the 
ranges) is very dependant on the researcher interpreting the results and can therefore lead to 
conjecture. However, there are guidelines that should be adhered to when selecting EFR 
ranges from RHCs and are outlined in Fig. 4.14. These requirements provide a range of flows 
and are flexible enough to be able to be an integral part when negotiations are considering 
options for EFRs. (See Chapter 9 for further in depth explanation on EFR negotiation). 
There is an ever ongoing debate about the role of people in EFAs and the role EFAs has 
on people. The flow regime and river condition is affected by virtually all humans through 
their demands for water and their activities in the catchment (Reiser et.al., 1989). In a 
complex riverine ecosystem of myriad interdependent species, then to what extent are people 
a component species of that ecosystem? Some believe they are the fundamental component, 
serviced and supported by the rest of the ecosystem. Others argue that the riverine ecosystem 
has basic requirements of its own to maintain its own efficient and balanced functioning, and 
that those need to be understood and catered for before the complex overlay of human 
activities and aspirations is added. When considering point 2, the focus area can be divided in 
various ways: the people using the river for sustenance versus all other stakeholders (regional, 
national, international); or similarly but not necessarily quite the same, the issues that can be 
costed (loss of resources, cost of development) versus those that cannot (moral and ethical 
issues, legalities, intangible river values) (King et.al., 1999). 
In countries such as the USA, much of Europe, Australia, South Africa and now many of 
the developing countries, the introduction and continued implementation of EFAs reflects, 
and is partially responsible for, a fundamental shift in attitudes concerning the exploitation of 
water resources. The emphasis has moved from complete and often over-utilisation of a water 
resource, to a more restrained, sustainable use linked with management and consideration of 
the donating riverine ecosystem (Tharme, 2003).   
In Integrated Catchment Management Strategies, rivers are considered as balanced 
ecosystems and recommendations are often required as to instream flows that would ensure 
fish passage, temperature levels, different habitat maintenance, sedimentation control, 
recreation etc. Narayanan et.al., (1983) suggested that environmental flows should be 
evaluated in the context of multiple uses, where each use has water requirements that vary 
over time in a unique way. The largest should determine the overall instream requirements at 
any given time and must be considered in competition with the demand for municipal and 
agricultural uses. With the increasing pressure on water resources came recognition that the 
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Reach Habitat Curve (RHC) of Habitat Model such as 
RHYHABSIM (life stage specific)
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Figure 4.14. A description of how to extrapolate EFR ranges from RHCs produced from the 
habitat model RHYHABSIM. (Modified from Tunbridge and Glenane, 1988) 
 
aquatic environment is not a user of water in competition with other users, but is the base of 
the resource itself, and that is to be adequately cared for if the resource is to be sustainable. 
 
4.7.2. Environmental Flow Requirements (EFRs)      
An EFA produces one or more descriptions of possible future flow for a river, each ideally 
linked to an IMO which this achieves in terms of the condition or health of the riverine 
ecosystem. Each possible future flow regime is called an environmental flow requirement 
(EFR) set for achieving that objective or objectives. For instance, the requirement may be 
stated simply as “a water depth of at least 50 cm throughout the year, to provide adequate 
habitat areas for species A”. This type of EFR is more reminiscent of types of EFRs compiled 
up until the 1970s; they were quite often termed ‘Minimum Flow’ requirements (Tennant, 
1976). The concept of minimum flow originated in western USA as a streamflow standard to 
constrain the usage of water during the low-flow season. It was assumed that flows for the 
remainder of the year were adequate if they exceeded this minimum value, and that all higher 
flows were potentially available for offstream use. In other words, the original use of the term 
was a simple base flow recommendation, below which river flow should never fall. The true 
EFR implies a comprehensive flow regime, dynamic overtime and with recognition of the 
need for natural flow variability. In addition, the differentiation between different biota their 
habitat requirements and the different lifestage habitat requirements. Alternatively to the 
minimum flow requirement of EFRs they may be described with much more complexity, 
detailing a comprehensive flow regime (figure 4.14), with specified magnitudes, timing and 
duration of low-flows and floods at both intra-annual and inter-annual scales of variability, 
all designed to maintain fundamental functioning of all ecosystem components (e.g. fish, 
riparian trees, water chemistry) at a specified level of condition (King et.al., 1999).  
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The EFR may be a protective measure to ensure the continued condition of a river of high 
conservation importance; or a mitigation measure put in place before construction of a new 
water-resource development to minimise the potential change in river condition; or a 
restorative measure designed to enhance the condition of a degraded river (Gregory, 2003). 
The components of a flow regime that are considered important for the estimation of 
EFRs include small increases in flow (freshes) and small to medium floods and low-flow 
events. Large floods, which cannot be managed, are normally ignored. More specifically the 
EFA process has the following objectives: 
• To establish low-flow and high-flow discharges for ecological river maintenance for 
each of the 12 calendar months of the year. Additional information that describes the 
required duration of high-flow events and the severity of low-flow events (in terms of 
their probability of occurrence) is often also included. 
• To determine minimum flow requirements during drought years. These are also 
determined by a set of month-by-month daily flow requirements and are viewed as the 
flows, which could prevent the irreversible damage to the river system during extreme 
droughts (i.e. SDHR). 
The linking of condition with flow regime indicates that rivers may be maintained in a 
number of conditions. Rivers maintained close to their natural conditions require more of their 
natural flow regime than those for which extensive modification is acceptable. Recognising 
this, the EFA and the resulting EFR can be viewed and used from two perspectives. Firstly, 
the assessment can be made, and the flow requirement stated, by any stakeholder group, in 
order to present in a negotiating forum their aspirations for the river. Secondly, as other 
stakeholders may have different aspirations and thus different EFRs for the river, 
compromises may be sought and agreed upon. Re-allocation processes, final EFRs and 
therefore the condition of the river often involves the roles of various disciplines (Gregory, 
2003). 
 
4.8. Stakeholder Involvement in Environmental Flow Requirements (EFRs) 
Many different stakeholders are or should be involved in the setting of EFRs. Because 
different stakeholders have different aspirations for the river, EFRs should be dynamic 
enough that their can be negotiations and compromises made if necessary. These 
compromises should not be so that the health of the river is severely negatively affected. 
The major five stakeholders being: 
River scientist and/or river engineer (preferably both) provide expert input on issues such 
as the expected condition of the river under a range of different flow conditions and on ways 
of providing the water 
Social and anthropological consultants may provide expert input on the social 
implications of possible options. 
Other experts and general community stakeholders may provide valuable input into the 
aspirations for the rivers not considered by the other 4 groups (e.g. a fishing or recreational 
club). 
Economists and water managers manage the process of possible options and offer expert 
input into the managerial and economic implications of all potential options. 
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Governments, in some form, make the final decision on future river condition and water 
allocations for offstream users and the environment, and are accountable for that decision. 
When negotiating is taking place for the setting of EFRs many different factors are 
involved. The methods that produce EFR recommendations that are flexible enough to be 
used in negotiations are the most desired. An example of a method that produces a range of 
EFR recommendations that are very useful in negotiating between stakeholders is presented in 
figure 4.14. For example, if a water abstraction company wants to withdraw water from a 
stream or from groundwater that directly enters the streams but the IMO of the stream states 
that the fish population must remain in good ecological health such as streams used for brown 
trout spawning then such an EFR range graph is essential. From figure 4.14 the range is from 
two inflection points at the top (indicated in green). If the first inflection point was at 150 
l/sec and the second at 200 l/sec then it would be assumed that the company could extract 
water as long as the level of 150l/sec was maintained. It would be of no further benefit to the 
stream to keep the flow level at 200 l/sec and possibly detrimental to maintain it at a higher 
flow. If kept at this level it would only result in economic loss for the water abstracting 
company and be of no more benefit to the stream ecosystem. If the IMO of the stream was 
that it was only to be kept for drainage purposes and could be kept in a state that supported 
only carp and eel then it would be reasonable to assume that more water could be abstracted 
and the river flows could be maintained somewhere in the DAHR (marked in yellow in figure 
4.14), as the river at this condition does not need optimal flows to sustain the IMO.  These 
two examples highlight the importance of providing a range of flows that can be used in EFR 
negotiations. 
In establishing environmental flow requirements the difficulty lies in deciding how much 
modification of the flow regime is acceptable. Although there have been a number of studies 
on the effects of regulated flows on organisms (Bickerton et.al., 1993), a great deal of 
scientific uncertainty still exists. One of the main difficulties in determining environmental 
flows is the lack of quantifiable data. This limitation becomes especially critical when the 
preservation of aquatic habitat conflicts with other uses of the water (Gordon et.al., 1994). 
Managers, under pressure from the public to meet traditional as well as environmental 
water requirements, usually cannot wait for the completion on extensive studies on species 
requirements in specific rivers before making decisions. Therefore, negotiation compromises 
much of the EFR recommendation process. Objective, consistent methods, which produce 
reliable estimates of habitat requirements, will increase the power of a manager’s arguments 
(Acreman and Adams, 1998). 
As mentioned previously, since the beginning of the 1970s there has been a greater focus 
on understanding stream and river habitats and protecting them from anthropogenic 
influences. Rivers and streams have been heavily modified through such management as flow 
regulation, channelisation, and reclamation of wetlands for farming, dam building and many 
others. This has had a major negative effect on the ecology and the aesthetic qualities of the 
riverine ecosystems. These types of modification reduce the physical habitat diversity and in 
turn this influences and usually reduces the biological diversity, sometimes to the point where 
a species is totally eliminated from a particular stream, catchment, or country and in a worse 
case scenario to total extinction (Bunn and Arthington, 2002). The recognition of the human 
need to preserve and if necessary restore riverine ecosystems, has led to many restoration 
projects being implemented to try and return catchments and their streams to something closer 
to their natural state (Hansen and Madsen, 1996; Iversen et al,. 1993). 
Environmental flow management is a complex process. For successful management 
strategies, many factors need to be taken into account and involves the combination of 
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scientific, public and legal considerations. The natural and present state of the riverine 
ecosystem must be assessed and then in consultation with public, private and institutional 
organisations, goals and objectives need to be set before establishing appropriate EFRs. The 
ecological requirements for the riverine ecosystem must be recognised and just as importantly 
the non-ecological issues must also be addressed. Water supply requirements for irrigation 
and drinking supply, power supply, effluent dilution, amenity and recreation needs must also 
be integrated into the management of the streams. To achieve these requirements the purpose 
of flow guidelines must be understood and realistic goals and objectives set. 
 
4.9 Purpose of Flow Guidelines 
Comprehensive flow guidelines are needed for any successful EFR recommendations to 
be assessed and implemented without causing irresolvable conflicts and confusion between 
the different stakeholders. 
  Flow guidelines are developed for three main purposes 
1. Consistency: A range of different methods and techniques has been used by stream 
managers for determining EFRs for streams and there has often been little consistency 
between these managers. By following certain guidelines it can provide a consistent 
framework that can be used throughout an entire region or country. This does not necessarily 
mean that the same method should be used throughout the whole country, rather the most 
appropriate methods should be selected for a particular region and similar regions should use 
similar, if not the same methodology (Lamouroux and Capra, 2002). 
2. Information: Water managers have often lacked readily accessible information on the 
effects of altering the flow regimes of rivers, in particular the effects on different riverine 
biota. Information on the most appropriate technical methods for defining flow regime is 
often lacking. The purpose of set guidelines is to provide information on the latest and most 
applicable methods. 
3. Understanding: Another purpose of flow guidelines is to assist water managers to 
increase their understanding of the methods for setting flow regimes, their use and their 
limitations. 
The overall purpose of flow guidelines is to help in the setting of IMOs (e.g. restoring 
enough flow to help sustain a healthy population of brown trout) for a particular river or 
stream and then setting a flow regime or regimes to meet that objective, based on the 
application of technical assessment methods available for determining the flow regime 
required to sustain identified instream values. Fig. 4.9 gives an outline of the steps that need 
to be taken in order to produce successful EFRs. The flow guidelines review the technical 
methods available for determining the flow regime required to sustain identified instream 
values. The technical methods such as environmental flow methods (EFMs) produce an EFR 
which is the flow regime that will sustain the IMO selected. An important part of Fig. 4.15 is 
the need to monitor and the need is further stated in Fig. 4.16. Fig. 4.16 points out that it 
integral that any flow guidelines instated are monitored and modified to allow for small 
unexpected changes. Without this monitoring it is impossible to know if your EFRs that are in 
place are meeting the IMOs set (Boffa Miskell Ltd, 2001). 
Many water authorities spend large amounts of money and time to produce reliable EFR 
recommendations but once the decision has been made to set the EFR to a single or multiple 
requirement (e.g. for summer and winter flows, or for different species, lifestages) few of 
these managing authorities monitor the effects that the now instated EFRs is having on the 
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river and if the EFRs are meeting the IMOs. Research has shown (King et.al., 1999; Gippel,  
2001)  that after designing EFRs to meet the IMOs very little monitoring is done to assess 
fully if the EFRs are actually meeting the IMOs and that in nearly all cases slight 
modifications are needed. In the USA, Armour and Taylor (1991) found that only 6 (1%) of 
616 IFIM studies had follow-up monitoring programs.  
 The EFR may be an OAHR for the entire year, or it may be certain flows at a particular 
month to sustain a particular habitat attribute e.g. providing adequate flow in a river to protect 
juvenile trout from periods of hot and dry summer weather. Another example would be 
providing adequate flow for sea-run Salmo trutta migrating back up their natal stream to 
spawn. These are just two examples why in many cases a simple minimum flow requirement 
is inadequate when trying to provide healthy conditions for all lifestages of a particular 
species.  
 Flow guidelines are also targeted at the different user groups or stakeholders and are used 
to assist these groups in a number of ways.: 
1.   To assist decision makers in control of stream management: 
2.   Identifying and assessing the type of instream values that may be present in a river system 
3.   Determining the objectives and policies which promote the sustainable management of 
instream values 
4.   Determining appropriate techniques and methods to use in assessing the flow 
requirements needed to sustain the instream values 
5.   Identifying appropriate methods to monitor the state of instream values and the effects of 
activities which alter flow regimes 
  For water resource users involved in statutory processes: 
1.   Provide information on the effects an activity might have on a river or stream 
2.   Assist with the preparation of assessment of environmental effects in an application for 
resource consent 
3.  Assist with the preparations of submissions to, or comments on, policy statements or plans.  
Without proper and transparent sets of flow guidelines EFRs recommendations are difficult to 
instate effectively and good sets of flow diagrams also help managers meet IMOs and also 
meet goals and objectives set out in the ICMS set out for the entire catchment.  
 
4.10. Environmental Flow Management (EFM) and the Assessment of 
Environmental Flow Requirements (EFRs) 
Since the 1970s there has been a progressive evolution of methodologies for assessing the 
EFRs of riverine ecosystems, from ad hoc, case-specific approaches (e.g. an educated 
decision from a river manager) through to well-described, formal methodologies with more 
broadscale application e.g. habitat modelling such as RHYHABSIM (Jowett 1989).  
Historically, and still today in many instances, the focus of environmental flow assessments 
was on the maintenance of economically important (and hence associated estuarine and/or 
marine) fisheries (Tharme 1996). The Salmonidae family of fishes is a perfect example of this 
as it is economically important to many countries in the world and also very sensitive to 
ecological change (See Section 4.2). Fish such as salmonids are top order predators and 
require the rest of the riverine ecosystem to be in good ecological health if they are to acquire 
a healthy self-sustaining population. This makes salmonids an excellent ecological species 
indicator of river health and is the reason they are used as ecological indicators to set and 
attain river management goals and objectives, such as in Denmark where Brown trout are 
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used to set many of the IMOs (Clausen et al., 2004). For the above reasons and the reasons 
stated in Section 4.8, many EFRs are based on conserving and maintaining healthy self 
sustaining populations of this family (Bayley and Osborne, 1993) The inherent assumption in 
such assessments is that flows that aim to protect target fish populations, habitats and 
activities will ultimately ensure maintenance of the overall riverine ecosystem (Beecher, 
1990).  
Management of rivers for some specific purpose (e.g. to satisfy fish requirements) is no 
longer viewed as an entirely valid approach. However, using fish as ecological indicators (See 
Section 4.8) and ensuring the survival of ecological sensitive species such as the Salmonidae 
family has shown to provide adequate protection for the riverine ecosystem as a whole in 
many cases (Holmund and Hammer, 1999). However, if not integrated into an ICMS, it can 
have a limited scope as well as being very site specific. 
More recently, however, the field has expanded to include assessments of the flow needs 
for other biota, like riverine invertebrates and water-dependant birds, and for biotic 
assemblage diversity (Arthington and Zalucki, 1998). Many assessments now also encompass 
aspects of ecosystem structure, such as channel form (Tharme, 1996), riparian vegetation 
(Stromberg and Pattern, 1990) and floodplain wetlands (Arthington et.al., 1998), and to a 
lesser extent function e.g. chemical and nutrient cycling (Tharme, 1996). 
Water management problem solving has moved away from setting fixed one value 
minimum flows with no specific aquatic habitat benefit to incremental methods in which 
aquatic habitats are quantified as a function of stream discharge. 
 
4.11. The Instream Flow Incremental Methodology (IFIM) 
IFIM is an interdisciplinary framework for the assessment of riverine ecosystems and has 
developed over the last 20 years into a detailed river network analysis. It incorporates fish 
habitat, recreational activity and riparian vegetation responses to different water management 
activities (Bovee, 1982, Stalnaker et. al., 1995). Gordon et.al., (1994) describes it as ‘a set of 
flexible guidelines for solving any problem involving disturbance of a riverine ecosystem’. 
   Because the framework encompasses more than one method or concept it is correctly 
termed a methodology and is incremental because it examines how river characteristics 
change incrementally with flow to determine acceptable levels or comparative alternatives. 
IFIM implies the linking of procedures, perhaps from several disciplines, to tackle a multi-
faceted problem and was designed as a communication link between fisheries biologists, 
hydrologists and hydraulic engineers. Rather than generating a single answer, the 
methodology produces a range of solutions, which permit the evaluation of different 
alternatives (Stalnaker, 1995).  
IFIM is basically a problem-solving tool comprised of a number of analytical procedures 
and computer models. Its main aim is to assess the effect an activity (usually anthropogenic 
effects such as groundwater abstraction, channel modification etc) is having on a riverine 
ecosystem. Physical habitat attributes (usually depth, velocity and substrate) are evaluated and 
form one of the major components of IFIM. Other ecologically important characteristics 
should not be ignored and included if necessary. As every riverine ecosystem is different in its 
flora, fauna, physical characteristics, the types of disturbances and the governing bodies, IFIM 
is flexible in that a different approach can be applied for each situation. Before any IFIM 
procedure is initiated, alternative and competing users of the riverine ecosystem should be 
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Figure 4.15. The steps taken when implementing a successful set of flow guidelines. 
(Modified from Boffa Miskell Ltd 2001) 
identified. This should include which species is to be preserved and its physical habitat 
requirements. For example, if the river is to support salmonids, the physical requirements will 
vary very differently from that of carp. Factors such as the most critical time periods, depths 
and lifestages for maintaining the species must be defined. Changes in both macrohabitat 
(channel morphology, temperature and water quality) and microhabitat (living space for an 
organism such as depth, velocity, substrate and cover) are integrated into IFIM. Fig. 4.17 
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Figure 4.16.  The importance of monitoring to full meet set out of objectives and goals. The 
flow diagram illustrates the Feedback loops for revision of either an EFR or the IMO 
underlying the EFR). (Modified from Boffa Miskell Ltd 2001). 
  
displays an IFIM framework in relation to defining flow requirements. Note that both water 
quality and the physical attributes are incorporated into the framework. The diagram also 
highlights the importance of using an ecological indicator when setting flow requirements 
(Gordon et.al., 1994). 
IFIM is a process that begins with the structuring of a study design and a description of 
the present condition, and carries through to the final negotiation of a solution. When 
applying an IFIM to water resource related projects there are seven steps to be incorporated 
(Bovee, 1982; Nestler et.al., 1989). These steps are modified from Gordon et.al., 1994: 
Step 1:  A study area must be defined where data will be collected. The present state of 
the river or riverine ecosystem is described in terms of key variables (e.g. water quality, 
channel form or flow regime) (Figure 4.18). A study area may be a specific segment of stream 
or a larger Section of a drainage area. Bovee (1982, 1986) give thorough instructions on site 
selection and the collection of both physical and biological data for use in IFIM.  
EFR 
Monitor flow and 
River Conditions 
Review whether 
IMO is Being Met 
Identify flow-
related problems 
Identify non flow-
related problems 
Catchment Management 
Agency 
RESEARCH 
Modify EFR or 
Objective 
NO,          
or Uncertain 
YES 
 60 
Step 2:  Develop functions or mathematical expressions describing the preferences of 
evaluation species. For example, Observations of the population of a given species (at 
particular lifestages) are made at locations having a given set of habitat characteristics (e.g. 
depth, velocity, cover and substrate), and are used to determine the suitability of a particular 
location for use by that species and lifestage. This is expressed in the form of a ‘habitat 
suitability curve (Figure 4.18). Figure 4.18 provides an index of habitat suitability over a 
range of values of some factor such as velocity (chosen microhabitat variable). When 
choosing an evaluation species, Orth (1987) recommended selection of a species with narrow 
ranges of habitat preferences since these are the most sensitive to flow alterations. Hansen 
(1977) suggested using larger fish rather than smaller fish as they generally more sensitive 
and socially and economically important.  Salmo trutta are a well known example of such a 
species (See Section 4.2). The time of year for which requirements are most crucial should 
also be determined (Figure 4.7) (Mosley 1983) 
Step 3: Develop functions or mathematical expressions integrating the macro- and 
microhabitat availability of the present system. For example, a function describing how WUA 
changes with streamflow (Figure 4.18). Determine the way in which microhabitat variables 
vary with discharge. This is achieved either through field observation over a range of 
discharges or by hydraulic simulation. When using RHYHABSIM, the model takes the 
surveyed stream reach (the measured cross Section variables at a particular flow (Figure 4.18) 
and combines it with habitat suitability curves( Figure 4.18) to produce a curve describing the 
suitability of that reach as a function of discharge (flow) (Figure 4.18).  
Step 4:  Incrementally alter one or more variables (e.g. flow regime or channel 
dimensions) to reflect a particular management option or IMO, and then using relationships 
developed in steps (2) and (3) determine habitat availability under the new system. Options 
should be evaluated under a range of stream flows. 
Step 5:  Determine possible alternatives or remedial actions to correct any adverse impacts 
found in Step (4). 
Step 6:  Repeat steps (3) and (4) to evaluate the impact of a range of management 
alternatives. Steps (4) to (6) involve iterations of the procedure to produce an array of options 
and their impacts on habitat availability. 
Step 7: Taking into considerations the various perspectives and management objectives of 
the organisations involved, the alternatives should be evaluated, and 
assessments/recommendations prepared for the project. This could involve estimates of a 
specific development, a statement of an optimum, degrading or severely degrading habitat or 
flow, or a recommendation of some compromise arrangement. Nestler et.al., (1989) provide 
further details on institutional analysis and methods of producing defensible results. What 
ever recommendations are instated they should be followed by a thorough monitoring 
program to assess if the recommendations instated are meeting the goals and objectives set. 
Probably the most famous habitat method used in IFIM is probably the habitat simulation 
model Physical HABitat SIMulation System (PHABSIM). It was developed by Bovee and 
Milhous and first presented in 1978 and has since been discussed and slightly modified many 
times (Bovee, 1982; Milhous et.al.,1984). As described earlier (Section 4.11), IFIM is 
basically a problem-solving tool comprised of a number of analytical procedures and 
computer models. PHABSIM is a collection of computer models designed to calculate an 
index to the amount of microhabitat available for different lifestages at different levels. 
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Figure 4.17. An IFIM framework for the consideration of flow requirements (Modified from 
Clausen et al., 2004).  
 
PHABSIM forms a major part component of IFIM and is the most common method in the 
USA, being used or recognised in 38 states and is the preferred method in 24 of them (Reiser 
et.al., 1989). 
IFIM has been both heralded (Dunbar et.al., 1998) and criticised widely (Orth and 
Maughan, 1982, Orth, 1987). One of the major criticisms of IFIM is that there is the lack of 
quantifiable data on microhabitat preferences for many species of fish, especially warm water 
species. Another is that microhabitat variables (i.e. velocity, depth, and substrate) are 
independent of each other in the selection of microhabitat by fish. 
Although these critiques are justified, IFIM is still regarded as a successful methodology 
in assessing EFRS and many governments have continued to adopt principles from it. In fact, 
the UK Environmental Agency when reviewing river flow objectives gave the statement 
‘Internationally, an IFIM-type approach is considered the most defensible method in 
existence’ (Dunbar et.al., 1998). The Freshwater Research Institute of Cape Town in South 
Africa states that ‘IFIM is currently considered the most sophisticated, scientifically and 
legally defensible methodology available for quantitatively assessing the instream flow 
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requirements of rivers’ (Tharme, 1996). The U.S. Supreme Court has accepted IFIM as a 
legitimate methodology for resolving instream flow negotiations (Stalnaker, 1995). 
With a complex technique such as IFIM, a researcher must be able to fully understand and 
document the methods being applied and must be able to fully justify their use. They must 
also be able to extrapolate from the data collected and use this data to be able to predict 
habitat changes over time and make recommendations that are acceptable both 
environmentally and socially. 
 
4.12. Types of Environmental Flow Methods (EFMs) 
Two intensive reviews of instream flow methods from Jowett (1997) and Tharme (2003) 
recognised four relatively discrete types of environmental flow methodology, namely: 
1. Historic flow methods 
2. Hydraulic methods 
3. Habitat methods 
4. Holistic methods 
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Figure 4.18 A: Stream model made up of cross-sections with equi-distant measurements at 
each offset. At each offset on the cross section measurements of geometry, velocity, depth and 
substrate are taken. (Modified from Jowett 1998); B: Fry Habitat Suitability Curves for 
Salmo trutta; C: Flow – Habitat relation developed by using RHYHABSIM. WUA increases 
with flow for until a certain level where it drops again as flow become excessive for the 
chosen species. This relationship between WUA varies between species and also differs 
between life stages of the same species. The interpretation of these curves is given in Figure 
4.7.1. 
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 Historic Flow methods rely primarily on historical flow records for making flow 
recommendations. These represent the simplest set of techniques where, at a desktop level, 
hydrological data in the form of naturalised, historical monthly or average daily flow records 
are analysed to derive standard flow indices.  Maintaining the flow within the historic flow 
range or preventing it from deviating largely from the natural flow regime is the main aims of 
historic flow methods. (Arthington et.al., 1998).  
Hydraulic methods use the relationship between simple hydraulic variables and discharge 
to develop EFRs. The main aim of hydraulic methods is maximise food production by 
keeping as much of the food producing area below water. The hydraulic variables, such as 
wetted perimeter or maximum depth, are usually measured along a single cross-Section, 
across the target river Section. It is assumed that ensuring some threshold value of the 
selected hydraulic parameter at a particular level of altered flow will maintain aquatic biota 
and thus, ecosystem integrity (Jowett 1997). 
Habitat simulation methods or habitat modelling also make use of hydraulic-discharge 
relationships, but provide more detailed analyses of the quantity and suitability of instream 
physical habitat available to target biota under different flow regimes, on the basis of 
integrated hydrological, hydraulic and biological response data. The aim of the habitat 
methods is to maintain, or even improve the physical habitat for the selected biota, or to avoid 
limitations of physical habitat from flow reduction or excessive flows. (Jowett, 1997). 
Holistic methods have developed over the last decade (Arthington and Pusey, 1993, 2003) 
and form a distinctively separate group of methods that are geared towards addressing the 
flow requirements for an entire riverine ecosystem, and which may incorporate subroutines 
derived from methodologies of the first three types. They are also amenable to identifying the 
flows linked to issues of human interest, such as economic costs and benefits of changing the 
flow regime, river related recreation and protection of features of cultural or scientific interest 
(Young and Hayes, 2002).  
The four discrete groups are widely recognised but vary remarkably in their application as 
an EFA tool. Different methodologies are appropriate at different spatial and temporal scales 
as well as in relation to typical project constraints including the time frame assessment, 
availability of data, technical capacity and finances (Tharme 1996; Arthington et.al., 1998; 
2003).  Each of the 4 discrete methods is discussed in detail in Appendix B in relation to each 
other. Number 4, Holistic methods are not considered part of this project and will not be 
discussed further in detail. The other methods are described in further detail in Chapter 7 
where the general class of methods are combined with specific methods. 
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5.  Case Study – River Kornerup Catchment, Lejre Denmark 
 
The case study area for this project on groundwater and ecosystem management 
comprises of the River Kornerup catchment area. This area was chosen because of its long 
history of groundwater abstraction, which has been observed to negatively affect the surface 
water flow. This section will describe the study area in terms of location, land use, and 
geology and present the stream management objectives as set out by Roskilde County. 
 
5.1 General Description of Study Area 
The River Kornerup catchment area lies approximately 7 km to the SW of the City of 
Roskilde, with the centre of the catchment located approximately at the town of Lejre (Fig. 
5.1). The river contains four main tributaries, Langvad, Lavringe, Tokkerup and Ledreborg, 
all of which join together within 1km of Lejre. The catchment has a total area of 191 km2 
(Roskilde Amt, 1992). Land use within the catchment area includes agricultural (cultivated), 
grasslands (used primarily for grazing), wetlands and a limited amount developed land (roads, 
buildings and industrial areas), primarily located around the villages (Fig. 5.1). 
 
5.1.1 River Langvad 
River Langvad is the largest and most easterly of the four tributaries with a catchment 
area of 80 km2. The land cover within 50m of the stream consists of 43% agricultural 
(cultivated) land, 39% grasslands/heather (including land for grazing), 14% forested, 3% 
wetlands and 2% developed (Fig. 5.1). The stream has been channelised along its entire 
length. There are 6 wastewater treatment plants with a between 50 and 5000 person capacity 
which emits treated wastewater to the stream. This wastewater input is actually very 
important to the stream, as it provides a portion of the streams baseflow so that it has flow all 
year, even during extended dry periods (Helmgaard and Rasmussen, 1995). 
Under the auspices of the Watercourse Act, a section of the River Langvad has been 
restored to provide habitat for trout. The restored section is approximately 500m downstream 
from Øm (Fig. 5.2), where artificial spawning gravel was added from 1993-95 to provide 
suitable habitat for trout to spawn. Along with the spawning gravel, large stones were also 
added to increase physical habitat for the trout. Even though the spawning habitat has been 
greatly increased within the river, there has been very little to no natural recruitment to the 
newly developed spawning areas (Rasmussen, 2003 – pers. comm.). It is thought that this is 
due to the difficulties of the juvenile trout in migrating through the lakes near the mouth of 
River Kornerup to Roskilde Fjord. Because of the high mortality rate (they are being eaten by 
pike), very few trout return to the gravel beds to spawn. 
Along the River Langvad is the Ramsø Bird Protection Area, as designated under the 
Natura 2000 act (as described in section 3.3.3). The protection area runs along almost the 
entire course of the river between Øm and Gadstrup, in an area rich in wetlands (Fig. 5.2). 
This also coincides with the location of the groundwater abstraction wells in the Ramsø 
abstraction site operated by Copenhagen Energy. The section of stream just to the northwest 
of Øm is the location of a stream survey site (Fig. 5.2). A fuller description of the site will be 
provided in chapter 7. The site is located on a section of stream that still contains meanders, in 
spite of being channelised and just upstream of the restored habitat area. 
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Figure 5.1. Map of the River Kornerup Catchment Area. Map shows the land use over the 
catchement area and the percentage of each land use type within 50m of each river. The 
stream survey site locations are also shown on the map. Photographs of the stream survey 
sites are presented in Appendix E. 
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Figure 5.2. Map of River Langvad between Lejre and Gadstrup showing the Langvad 
RYHABSIM survey site and the Ramsø Bird Protection Site. 
 
5.1.2 River Lavringe 
River Lavringe is the second largest tributary, with a catchment area is 36 km2 (excluding 
the River Tokkerup). The river has two main branches, one to the east of the town of Osted, 
and the second running through the village of Viby (Figure 5.1). The land cover within 50m 
of the stream consists of 32% agricultural (cultivated) land, 49% grasslands/heather 
(including land for grazing), 15% forested, 1% wetlands and 3% developed (Fig. 5.1). The 
stream has been channelised along its entire length. There is one major wastewater treatment 
plant at the town of Viby, which emits treated wastewater to the stream. Like River Langvad, 
this also provides a portion of the stream’s baseflow. 
Stream restoration has also occurred on River Lavringe during the early 1990’s. Gravel 
banks were added to improve spawning grounds and obstructions added to improve the trout 
habitat. Like in Langvad, this has not proven to be successful because of the same difficulties 
(they have to navigate through the same lakes). 
Unlike the other three tributaries, there was no survey site on River Lavringe. 
Groundwater abstraction by Copenhagen Energy is taking place on River Lavringe, with the 
wells located along the stream approximately500m north east of Osted, immediately after the 
two major tributaries join. 
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5.1.3 River Tokkerup 
River Tokkerup is the third largest tributary, with a catchment area is 30 km2. It joins in 
with River Lavringe at Lejre.  The land cover within 50m of the stream consists of 38% 
agricultural (cultivated) land, 40% grasslands/heather (including land for grazing), 19% 
forested, 0% wetlands and 3% developed (Fig. 5.1). The stream has been channelised along 
its entire length. There is one primary wastewater treatment plant at the town of Osted. Like 
River Langvad, this also provides a portion of the stream’s baseflow. 
The second stream survey site is on River Tokkerup, right at the old village of Tokkerup. 
The survey site is located on a section of river that runs through a small forest, but has very 
few bends and has been channelised. Unlike Lavringe and Langvad, there has been no stream 
restoration conducted on River Tokkerup. In addition, Tokkerup is the only one of the three 
tributaries without a water abstraction site for Copenhagen Energy. 
 
5.1.4 River Ledreborg 
River Ledreborg is the smallest of the four tributaries, with a catchment area is 27 km2. It, 
however, has the largest gradient, as is indicated by the presence of a number of old water 
mills, particularly around the Ledreborg Castle.  The land cover within 50m of the stream 
consists of 37% agricultural (cultivated) land, 38% grasslands/heather (including land for 
grazing), 23% forested, 0% wetlands and 2% developed (Fig. 5.1). Unlike the other streams, 
River Ledreborg still has a large section that has not been channelised and still maintains a 
natural meandering morphology. However, the river contains a number of fish obstructions 
which prevents the migration of sea trout up the stream to spawn. Most of these obstructions 
are old water mills that are no longer in use. The stream does have a self-sustaining 
population of brown trout in the section of the river from Ledreborg Castle up to Hule Mølle. 
Unlike the other three tributaries, there is no wastewater treatment effluent entering into the 
stream. 
The third stream survey site is on River Ledreborg, located approximately 100 m 
upstream of Dellingemølle. At the survey site, the stream runs through a small forest and 
wetland area. At the survey site, the stream has a natural meandering morphology, containing 
riffle, run and pool sequences. 
There are two groundwater abstraction sites located alongside the river. The most 
upstream abstraction site, Hule Mølle, is located along side the river between Dellingemølle 
and  Hule Mølle. The second site is located along the river, starting approximately 200 m 
downstream of Ledreborg castle.  
 
5.2 Geology  
In the River Kornerup catchment, the geological features which influence the groundwater 
and surface water resources include the Tertiary limestone deposits and the Quaternary glacial 
deposits (Fig. 5.3). The oldest and deepest Tertiary deposits are the Danian bryzoan 
limestone. The limestone consists of fine grained calcitic “mud” with bryzoan fossils. Lenses 
of flint are common in this layer (Schrøder, 1989; Henriksen et. al., 2001). These deposits are 
overlain by 35-45m of Selandian Greensand deposits, which is a glauconitic marl with a thin 
zone of sand and gravel from the erosion of the Danian limestone (Schrøder, 1989; Henriksen 
et. al., 2001). The sand and gravel layer combined with the upper surface of the Danian 
limestone, which is highly fractured and has a good porosity and connectivity, and form the 
basis of the primary groundwater aquifer in the region (Roskilde Amt, 2003b). 
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Figure 5.3. Geological cross-sections across the study area. Note the complexity of the 
Quaternary deposits (Cross-sections modified from Schrøder, 1989). 
 
Quaternary glacial deposits overlie the Tertiary limestone and consist primarily of glacial 
meltwater sands and gravels, and morainal clay deposits. The thickness of these deposits is 
extremely variable, ranging anywhere from less than 10 meters to up to 60 meters (Schrøder, 
1989). The sand and gravel deposits have a very good hydraulic conductivity. There are two 
dominant formations of meltwater sand and gravel: the Hedelands Formation which is located 
to the NE of the study area, and the Torkilstrup Formation, which is located to the west of the 
study area (Fig. 5.3; Schrøder, 1989). These units are up to 25m thick and form a significant 
secondary groundwater aquifer. The morainal deposits are an unsorted mixture of clay to 
boulder size rocks. Because they contain a high portion of clay, this unit has a low hydraulic 
conductivity and acts as a barrier to water flow. When the Quaternary sand and gravel 
deposits are lie directly over the Danian limestone and/or the sand and gravel deposits of the 
Selandian Greensand deposits, it is also considered part of the primary aquifer. However, 
when these units are isolated by the relatively impermeable Selandian marl and/or the 
morainal clays, they forrr a secondary groundwater reservoir with different aquifer properties 
and pressure heads from the primary aquifer. 
 The glacial deposits were deposited during multiple stages of transgression and 
regression of the Scandinavian ice sheet between 40,000 and 10,000 years ago. This created a 
complex system of isolated sand and gravel deposits surrounded by the morainal clays (Figure 
5.3). The morainal clays provide a barrier to water movement through the ground and act as a 
confining layer, separating the quaternary sands and the lower Tertiary limestone reservoirs.  
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Figure 5.4. Map of the River Ledreborg area, where the heavy blue lines show where water 
was in the stream during the period of lowest flow in the summer of 1984. Below the map is a 
cross-section of the geology at Hule Mølle groundwater abstraction site. (Data for the stream 
flow obtained from Michaelsen, 1986). 
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The variable nature of the Quaternary glacial deposits has led to a very complex 
hydrological system for the groundwater reservoirs. The morainal clays, with a poor 
hydrological conductivity, isolate the different aquifers. This can be seen in the cases of the 
Hedelands and Torkildstrup Formation, where the morainal clays have isolated the units from 
the limestone aquifers, and thus each aquifer has its own groundwater pressure regime. When 
the moraine deposits overlie the Tertiary limestone, it effective becomes a confined aquifer. 
Because of this, water pressure within the aquifer can build up, resulting in a pressure head 
rising several meters above the surface level; for example, if a pipe were extended from an 
aquifer to a point above the ground, water would rise up the pipe to a level equal to the 
groundwater pressure head.  On the other hand, if there are sand and gravel deposits directly 
over the limestone deposits, which extend to the surface, this provides a connection to the 
surface for the primary aquifer, and it effectively becomes unconfined and the pressure can 
only be equal to the ground surface. 
If the water pressure is equal to the ground level, then springs will occur, providing 
baseflow to the streams. If the water pressure is below ground, then this area will act as a 
recharge zone for the aquifer – water will infiltrate through the soil and sands and into the 
groundwater aquifer (see Fig. 4.4d). Within the River Kornerup catchment, the primary 
aquifer can either be confined or unconfined, depending on the deposits above it. However, 
since the greatest portion of the aquifer has moraine deposits on top, it is generally considered 
to be confined. 
The River Ledreborg is an excellent case illustrating the complexity of the hydrological 
system. Along the length of the stream, the primary aquifer is both confined and unconfined 
depending on the geology. On the cross-section in Fig. 5.4, one can see that the very SW side 
the sand layer becomes thicker, with the last well containing only a small, 2m thick deposit of 
clay. And at well 206.123, there is only sand and gravel above the limestone. However, as one 
moves NE along the cross-sections, the morainal clay layer becomes thicker, forming a 
confining layer (Fig. 5.4). Near the intersection of River Ledreborg with River Kornerup, the 
morainal clays thin out again and the aquifer becomes unconfined once again. This correlates 
well with the results of a study by Michaelsen (1986). Michaelsen found that the stream 
flowed from its head to a point approximately 1000m above Hule Mølle, where it went dry 
(Fig. 5.4) – corresponding to where there were very little clay units present. Then the steam 
started flowing again at Hule Mølle, where the clays again reappeared (Fig. 5.4). An artificial 
spring just below Hule Mølle provides water to the stream at this point, and the morainal 
clays kept the water in the stream instead of infiltrating into the groundwater table. The water 
disappeared once again just before the Lillebro monitoring station, where again, there was 
direct contact between the sands and gravels and the stream (Fig. 5.4). This again was the 
point where the aquifer became unconfined again. 
 
5.3 Stream Management Objectives 
 
5.3.1 Background on Objectives for Roskilde Amt 
Originally the Danish Environmental Protection Act from 1973 encompassed a planning 
system that in the case of watercourses was implemented in the form of specific quality 
objectives, a system that has played and still plays, a crucial role in endeavours to safeguard 
watercourse environmental quality. The environmental quality objectives are set forth in the 
County plan. The County council can choose between a variety of environmental quality 
objectives. In general there are 3 groups of watercourse quality objectives: Stringent (A), 
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Basic (B) and eased (C, D, E, F) which are explained in Table 5.1. (Hansen, 1996). Class B is 
divided furter up into B1, B2 and B3, with B1 representing stretches of streams where 
salmonids (both salmon and trout) will be able to successfully spawn, B2 representing 
stretches of streams where both juvenile and adult trout are able to live for extended periods 
of time, and B3 representing stretches for perch, eel and pike to live. Roskilde County has 
used this classification in setting its goals for the streams administered by the county, in 
accordance with the Water Plan for Zealand (Vandplan Sjælland in Danish; Jacobsen, 1995). 
In setting the objectives the County takes into account the natural state of the watercourse, 
what impact man has made, the intended use of the watercourse and what can be realistically 
achieved. Through this system of quality objectives it is possible to differentiate between 
different watercourses and concentrate efforts where they are of greatest benefit (Hansen 
1996).  
The County is responsible for the supervision of all watercourses relating to their 
ecological quality. The state of the watercourses is evaluated by the county by investigating 
the macroinvertebrate fauna inhabiting the watercourse, using the Danish Stream Fauna Index 
(DVFI), which operates with seven fauna classes (Bach et al. 2001):  
1. Fauna classes 1,2 and 3 indicate watercourses whose fauna is severely or very severely 
affected. 
2. Fauna class 4 indicates watercourse whose fauna is moderately affected. 
3. Fauna classes 5, 6, 7 indicate watercourses whose fauna is slightly affected or unaffected. 
It is from these seven fauna classes that Roskilde County uses to assess whether it is or is 
not meeting the stream objectives (Roskilde Amt, 2004). Even though these definitions pre-
date the EU WFD (as discussed in section 3.2.2), the DVFI fauna classes compare quite well 
with the classifications outlined in the WFD (Table 5.1). 
 
Table 5.1. Quality objectives for Danish streams. The numbers refer to a system using the 
Danish stream fauna index to rate streams. 7 has the least amount of pollution where 1 has 
the highest. (Modified from Miljoeministeriet, 1991). (The Water Quality Objectives 
modified from Roskilde Amt, 1992). 
 Water Quality Objective  Fauna index 
(DVFI) 
Rigorous Objectives A1 Area of special specific scientific interest 5+ 
General Objectives B1 Salmonid spawning – streams that are suited for 
spawning and growth of fry for trout and salmon. 
5 
 B2 Salmonid waters – waters (lakes and streams) 
that are suited for the growth and living of trout 
and salmon. 
5 
 B3 Cyprinid water – waters (lakes and streams) 
designated for the growth and living of perch, eel, 
pike and carp. 
5 (4) 
 C Watercourses to be used for drainage purposes 4 
Eased Objectives D Water courses affected by wastewater 4 
 E Water courses affected by water abstraction 4 
 F Watercourses affected by ochre - 
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Table 5.2. Comparison of the EU Water Framework Directive goals (DG Environment, 
2003) and the goals established by Roskilde County (Roskilde Amt, 2004). 
EU WFD Water Quality Objective Fauna Index (DVFI) 
High Ecological Status A1 7 
Good Ecological Status B1, B2, B3 5,6 
Moderate Ecological 
Status 
C, D, E 4 
Poor/Bad Ecological 
Status 
-- 3,2,1 
 
 
Figure 5.5. The stream objectives (left) and stream conditions (right) for the River Kornerup 
and its tributaries. A1 is stream of scientific interest, B1 are waters for trout and salmon 
spawning, B2 are waters for trout and salmon to live, and B3 are waters for perch, pike, eel 
and carp. (Modified from Roskilde Amt, 2004). 
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5.3.2 Specific Objectives for River Kornerup Catchment 
The goals established by Roskilde County for the River Kornerup Catchment fall within 4 
main categories: A (specific scientific interest), B1 (salmonid spawning), B2 (salmonid 
waters) and B3 (Cyprinid waters). For the objectives, the greatest length of stream has the B2 
objective, with B1 limited to small stretches within the rivers (Fig. 5.5; Roskilde Amt, 2004). 
B3 objectives are present in the upper stretches of River Langvad and River Lavringe (Fig. 
5.5). The objective A is limited to two sections of streams at the head of River Ledreborg 
(Fig. 5.5; Roskilde Amt, 2004). Both the Tokkerup and Ledreborg stream survey sites (Fig. 
5.1) are located in sections classified as B2, where as the Langvad stream survey site is in a 
section classified as B1. 
To date, only small sections of River Ledreborg and River Lavringe meet the County’s 
objectives (Fig. 5.5; Roskilde Amt, 2004). Most stretches of the river have a fauna class rating 
of 4, which indicates moderately affected streams. However, the lower stretches of River 
Ledreborg, the state is much better with classes of both 6 and 7 achieved, which meets the 
good and high status criteria. In contrast, there are also stretches on River Lavringe and 
Langvad that only have a fauna class of 3, and thus is in poor biological conditions, and 
severely affected. Figure 5.5 shows the status of the streams in the River Kornerup catchment. 
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6.  History of Groundwater Abstraction 
 
 
Groundwater abstraction in the Lejre area for export to Copenhagen goes back all the way 
to 1937. In fact, the consideration began already around 1915, when the first geological 
studies of the area were conducted (Schrøder, 1995). The long history behind abstraction in 
this area is deeply rooted, and many of the precedents set in the beginning still have a direct 
effect on the management of the groundwater resources today. When developing new water 
resource management strategies, one must first obtain an understanding of the history behind 
the groundwater abstraction, the conflicts involved, and why it developed in the way it did. 
This chapter will outline the history of groundwater abstraction, with particular emphasis on 
how it influences the stream flow and stream ecology. By setting this understanding, it will 
provide part of the foundation for the proposed water management solutions.   
 
6.1 Development of Groundwater Abstraction  
 
6.1.1 The Approval for Groundwater Abstraction – 1936 
The area around Lejre, in the River Kornerup catchment has always been abundant in 
water. The area for hundreds of years has been noted for its wetlands and high water flow. 
This can be observed by the abundance of water mills, used for grinding grain, in the area. 
This abundance of water made it difficult to travel through, and was particularly troublesome 
for road and railroad construction between the town of Holbæk and Roskilde in the 18th and 
19th centuries (Schrøder, 1995). The many springs in the area provided the local residents with 
an abundant source of clean water for all purposes of daily life – drinking, washing clothes, 
washing carts and carriages, ponds for raising trout, just to name a few. Thus, the water in the 
area was both a blessing and nuisance, depending on the individual and circumstances. 
In the early 20th Century, the City of Copenhagen was under increasing pressure to 
provide its growing number of citizens and industry with a steady supply of clean water. 
Between the years of 1930 and 1935, the average yearly increase in water demand for 
Copenhagen and Frederiksberg municipality was around 2%, at 1.6 million cubic meters 
(Ministry of Interior, 1936). Copenhagen Water Supply (CWS – as of 2002 Copenhagen 
Energy), moving away from surface water supply, could not meet this growing demand from 
groundwater resources within the municipalities, and thus needed to look at areas outside of 
Copenhagen to supply this water. Already between the years of 1914 and 1925 CWS began 
exploring for groundwater resources in north and west of Copenhagen, including the Lejre 
area.  With the Lejre area looking to be one of the more promising areas for water abstraction, 
CWS applied for permission to further explore area near Lejre, which they received in 1933 
(Ministry of Interior, 1936, Schrøder, 1995). Shortly afterward, CWS conducted a full 
geological, hydrological, chemical and biological study of the Lejre area.  
March 1926 saw the passage of the Danish Water Law, defining the parameters of the use 
and protection of water resources – both surface and groundwater – in Denmark. The law was 
passed with the purpose to provide for the sustainable development of its water resources. It 
became illegal to pollute the water resources or use more water than what is returned via 
precipitation. In the case of groundwater resources, this meant that one may not abstract more 
than the recharge provided through precipitation. A second important point of the law is that it 
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provided the government with the mandate to give the water rights to another party other than 
the owner of the land (Gudmand-Høyer, et al., 1977). Once the rights were awarded, no 
negotiations with the landowner, beyond compensation for infrastructure, were required. 
Copenhagen Water Supply was able to utilise the 1926 Water Law in order to abstract 
groundwater in the Lejre area to be exported to Copenhagen. This happened in June of 1936, 
when the Ministry of Interior allocated the rights for groundwater abstraction in the Lejre area 
via an addendum to the 1926 water law (Ministry of Interior, 1936). The water rights 
allocated were based upon CWS’s estimation of water infiltration in the area and provided for 
the withdrawal of a total of 18.3 m3 of groundwater per year in the Lejre area, covering the 
River Kornerup and its tributaries (Ministry of Interior, 1936).  The law allocated CWS the 
rights to withdraw 16 million m3 of groundwater per year, with the remaining 2.3 million m3 
per year reserved for local use by the local municipality water works and industry. Approval 
was given to CWS for groundwater abstraction locations (shown in Fig. 6.1), stating the 
number of water wells allowed at each site. The approval also restricted the maximum amount 
of drawdown in the wells, using the primary reservoir (the Tertiary chalk deposits) as its 
basis, and Table 6.1 shows the restrictions as outlined in the water abstraction approval. 
The Lejre area was a logical choice for Copenhagen Water Supply. The geological and 
hydrological studies showed that the water pressure from the primary groundwater aquifer 
was high. In the case of River Ledreborg near Hule Mølle, this pressure was up to 10m higher 
than ground level. This means that if a well was drilled to tap the primary aquifer, water 
would flow out of the well without any pumping – it was artesian. This fact made possible to 
design of the water abstraction method based on a siphoning system. Keeping the abstraction 
wells closed off from the atmosphere, the water could be siphoned off from the wells, without 
requiring any pumping. However, this system restricts the drawdown of the groundwater to a 
maximum level of 10 meters below the ground level (Bondesen et al., 1982). Therefore, the 
abstraction sites were placed along the streams (Fig.6.1) where the groundwater potential 
surface was the highest – and coincidently the area where the springs discharge into the 
streams and wetland areas. 
Already in 1936, even before groundwater abstraction began, it was anticipated that it 
could have a negative effect on the flow in surface streams in the area. This concern was 
raised by the owners of Ledreborg Castle, who were worried that groundwater abstraction 
near Hule Mølle would cause River Ledreborg to go dry (Rasmussen, 2003 – pers. 
comm.,Bourbon, 2004 – pers. comm.). Therefore, before groundwater abstraction began, 
CWS agreed to establish an artificial spring emptying into River Ledreborg (approximately 
100m below Hule Mølle) to provide the stream with a baseflow so that it would never go dry 
in front of the castle. Because of the artesian aquifer pressure, CWS only had to bore a hole 
down to the primary aquifer, where water came up to the surface under its natural pressure. 
 
6.1.2 Groundwater Abstraction Begins – 1936 – mid-1970’s 
Immediately after the allocation of groundwater rights for the area, CWS began to build 
the infrastructure required to deliver water to Copenhagen. The infrastructure included the 
water abstraction and monitoring wells, pipelines and a water treatment plant. The water 
treatment plant, located just outside of Lejre, acted as a conjuncture point for the water from 
all of the abstraction sites in the Lejre area. Since the groundwater was clean and free of 
bacteria, the only treatment for the water at the plant was aeration to remove the excess iron in 
the water (and remains so today). The treatment plant also serves as a point to do quality 
control tests on the water to make certain that it remains clean. The basic infrastructure built 
in 1936 remains largely in use today. 
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Figure 6.1. Location map of the groundwater extraction sites in the Lejre area. 
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Table 6.1. Restrictions on water abstraction at each abstraction site (Ministry of Interior, 
1936). Fig. 6.1 shows the location of each site. The data on water level is from data provided 
by Copenhagen Water Supply. The water level in the wells is the same as hydraulic head for 
the primary aquifer. 
Abstraction Site 
# of 
wells 
allowed 
Water 
Level  in 1936 
(min.) 
Minimum 
Water Level 
Allowed 
Max. 
Drawdown 
Allowed 
Kornerup 27 7.5 m -2 m 9.5 m 
Gevinge 30 5.5 m -3 m 8.5 m 
Ledreborg 11 11.5 m 2 m 9.5 m 
Assermølle 10 11.5 m 0 m 11.5 m 
Hule Mølle 10 21.5 m 14 m 7.5 m 
Lavring 15 20.5 m 16 m 4.5 m 
Ramsø 30 21.5 m 13 m 7.5 m 
 
Table 6.2. Monitoring well data from primary aquifer in 1965. The wells are all in areas 
where the groundwater hydraulic head is being reduced by more than the allowed amount. 
The monitoring data has been provided by Copenhagen Water Supply and Roskilde Amt. The 
water level in the wells is the same as hydraulic head for the primary aquifer. 
Abstraction 
Site 
Well ID 
Number 
Water 
Level (1965) 
Minimum 
Level 
Amount 
Exceeded 
206.108 -5 m -2 m 3 m Kornerup 
206.60 -5.5 m -2 m 3.5 m 
Gevinge 206.59 -5.0 m -3 m 2 m 
Assermølle 206.36 -2.5 m 0 m 2.5 m 
206.150 12.5 m 16 m 3.5 m 
206.370 14.5 m 16 m 1.5 m 
Lavring 
206.97 15.0 m 16 m 1 m 
Ramsø 206.81 9.5 m 13 m 3.5 m 
 
Actual water abstraction at the seven sites (Fig. 6.1) began between February 1937 and 
October 1939. Ramsø was the first to go online, with Lavring and Hule Mølle starting in June, 
1937. Gevning, Ledreborg and Assermølle came online in Autumn 1938, and finally 
Kornerup in Autumn 1939 (Michaelsen, 1986). Once online, water was abstracted at its full 
potential – there was no gradual increase in the abstraction. For example at Hule Mølle, 
abstraction went from 0 to over 400,000 cubic meters in June, where after it remained 
between 300 and 400 thousand cubic meters per month (Michaelsen, 1986).  
The effect on the groundwater hydraulic head in the area was almost immediate. At an 
observation well near the Hule Mølle abstraction site (well ID #206.103), groundwater 
pressure fell from 32m to 25m in a matter of two months, stabilizing at about 23m to 24m by 
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1942 – a full 10m below the pre-abstraction level (Michaelsen, 1986). A similar reaction was 
also observed at Ledreborg abstraction site (in observation well ID#206.114). 
After groundwater abstraction began, the negative impacts on the surface water systems – 
springs, wetlands and stream flow – were observed. Residents began observing that the 
streams, which had water all year round, were starting to go dry, particularly during the 
summer (Schrøder, 1995, Bourbon, 2004 pers. comm.). Particularly around River Ledreborg, 
local residents observed that springs that they or their parents used for drinking water or 
washing clothes, went dry, and the stream went completely dry upstream of Hule Mølle 
abstraction site, and again near Lillebro, just west of Lejre (Bourbon, 2004, pers. Comm.). 
However, due to the agreement with Ledreborg Castle, there was always water in the stream 
between these two sites in front of the castle. The lowest levels in the other streams 
commonly reached less than 10 litres per second of flow (See statistics in chapter 8).   
Shortly after the waterworks opened, a government sponsored Water Balance 
Commission began working in the Lejre area. The commission’s purpose was to study the 
relationship between precipitation and infiltration to the groundwater, surface water flow, and 
evapo-transpiration, in order to create a water balance for the area (Vandbalanceudvalget, 
1952). The commission’s work took place between 1939 and 1952. Upon completion of the 
study, the commission concluded that there was in reality only about 50% of the infiltration 
that CWS had estimated, which the water abstraction permits were based on. Thus, the 
commission’s work indicated that there was about half of the water infiltrating to the primary 
aquifer system as what was used for the permits. In spite of this, there was no change in the 
amount CWS was allowed to abstract until the late 1980’s. 
By 1965, the groundwater hydraulic head was being reduced by more than the legal limit 
in 5 of the 7 abstraction areas. Monitoring well data from Assermølle, Levring, Ramsø, 
Kornerup and Gevinge showed that the groundwater pressure drawdown exceeded the 
allowed amount by anywhere from 1m to 3.5m over the entire year (Table 6.2). Only the 
abstraction at Hule Mølle and Ledreborg were within the allowable drawdown levels. 
However, it should be noted at Hule Mølle there is a steep groundwater pressure gradient 
across the abstraction site, with the water level ranging from 32m in the SW to 22m in the 
NE. The only monitoring well nearby (well ID #206.103) is located on the on the SW edge of 
the abstraction site, but the limit (16 m) set were based on the water level at the NE end of the 
site, allowing for a drawdown of 7.5 m. In 1965, the water level at well 206.103 was 20 m, a 
full 12 m below the pre-abstraction level. Given the steep gradient, it is likely drawdown at 
Hule Mølle also exceeded its maximum limit of 16 m in the NE half of the abstraction site.   
(Note: the situation of exceeding the permitted drawdown likely occurred long before 1965, 
however the authors did not have access to the pre-1965 monitoring data.) 
The trend of exceeding the allowed amount of drawdown continued though 1979. Figure 
5.2 illustrates the situation at Ramsø and Levring, where the water levels, though fluctuating, 
remained below the limit. This was the case with Kornerup, Gevinge and Assermølle as well. 
In spite of CWS exceeding the limits legally permitted in the water rights, nothing was done 
to prevent it – the authorities either did not notice or ignored it. CWS never hid this fact, as 
the monitoring data collected by CWS (showing the levels in the monitoring wells) was made 
readily available to both the authorities and researchers alike. 
 
6.1.3 Status Quo Changed – mid-1970’s -1985 
In the mid-1970’s, a change in the management of groundwater occurred. Instead of only 
using simple water balance models, which were only estimates at best, to determine how 
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much water could be abstracted, more direct attention was being paid to the effects that 
groundwater abstraction had on surface waters. This is illustrated through the construction of 
the Hornsherred water works for the Municipality of Roskilde. Hornsherred was established 
at a location (in the upland area about 10 km west of Lejre) where abstraction would have 
minimal side-effects on the natural ecology (Schrøder, 1995). This was a significant course of 
action by a large municipality to attempt to secure a clean water supply while taking into 
consideration the potential ecological side effects and brought the issue in front. Though 
nothing was being done at this point on the CWS waterworks in the Lejre area, it signaled a 
change in the acceptance of (or lack of resistance to) the ecological impacts of groundwater 
abstraction. 
In 1937, CWS was given the water rights for abstraction indefinitely. Though they never 
exceeded the amount that they were allowed to abstract under their allocation of 16 million 
cubic meters per year, they were consistently lowering the hydraulic head more than was 
permissible. This had gone on unchecked, even it was evident from CWS’s own data that this 
limitation was being exceeded. 
However, at the end of the 1970’s there was a change the administration of the 
groundwater rights. The rights were moved away from the federal government and given to 
Roskilde County to administer (Gudmand-Højer, et al., 1977). CWS had to renegotiate the 
rights to abstract water in the Lejre area at this time. However, Roskilde County could not, 
likely fearing the potential political and social repercussions, deny the City of Copenhagen a 
significant source of water and take away the rights of CWS. Thus, the rights were renewed in 
1980 under the same conditions as provided in 1936, but this time for only a 30 year period, 
where after they would have to be renegotiated (in 2010). Any changes in the placement of 
the wells, abstraction rates, or repair would have to also be approved by the county.  The 
operation of the water works continued as it had previously, but administration of the water 
rights was now with Roskilde County. 
During this time period, water use for the Copenhagen metropolitan area was continuing 
to rise. Pressure remained to find new sources of water and maintain the current sources. The 
problem of low flows in the streams was known by this time. In 1982, researchers from 
Roskilde University Centre introduced a number of proposals in order to get water back into 
the streams during dry periods (Bondesen, et al., 1982). These included ideas such as 
pumping groundwater directly into the stream, moving the location of the groundwater 
abstraction away from the streams, or using lakes to store the water which then could be 
released into the streams during dry periods (Bondesen, et al., 1982). These solutions, though 
some were being used elsewhere in Denmark at this time (both lake storage and pumping 
groundwater to the stream have been applied in River Køge, just south of the River Kornerup 
catchment), were never applied in the Lejre area. 
 
6.1.4 Management Planning and Action – 1985-2004 
In 1985, the first real effort to develop a groundwater water management plan for the 
Greater Copenhagen Metropolitan area was launched (Hovedstadsrådet, 1985). This plan 
covered the area north, west and south of Copenhagen, including Roskilde, Ferderiksborg, 
and Copenhagen counties, (of which the Lejre area is part of) for the time frame of 1985 – 
1997. The first draft of the document was first released in 1985, with the final document being 
signed by the Minister of Environment in 1989. 
The regional plan placed a high weight on the protection of wetlands and sensitive natural 
areas. The plan states that it is not allowed to abstract groundwater if it will have a negative  
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Figure 6.2. Groundwater hydraulic head data for wells 206.81 (on the eastern side of Ramsø 
abstraction site) and 206.150 (on the northern edge of Lavringe abstraction site). The data 
covers from 1965-1979. Note how the hydraulic head in both wells continually exceeds the 
allowable limit of drawdown by about 2-3 meters.  
effect on the sensitive areas (Hovedstadsrådet, 1989). Furthermore, it states that groundwater 
abstraction has already damaged many of the sensitive streams and wetlands, and that there is 
a need to reduce the groundwater abstraction in these areas. Specifically for the Lejre area, the 
report recommends that groundwater abstraction be reduced at the Hule Mølle and Ramsø 
abstraction sites, along with pumping groundwater directly into River Lavringe in order to 
increase its base flow. 
In 1992, in response to a directive from the Danish Ministry of Environment, a new 
regional plan for water was developed – called Water Plan Zealand. This was a water 
management plan developed to cover all aspects of water management – including 
management of water as a resource, pollution of both surface and groundwater resources, and 
the protection of the ecology. This report was developed by all 5 of the counties on Zealand, 
and is the effective water management plan for the area now (though its future is uncertain 
due to the changes forced by the Water Framework Directive). 
In 1988, the first reductions in groundwater abstractions were agreed upon. In order to 
attempt to address the problem of River Ledreborg drying up during the summer and in dry 
periods, Roskilde County and CWS reached an agreement to decrease water abstraction from 
3.2 to 1.8 million cubic meters per year at Hulle Mølle (Roskilde Amt, 1998). After this 
agreement, CWS gradually reduced groundwater abstraction at Hulle Mølle, reaching 1.8 
million cubic meters in 1995, where it has remained since. A similar agreement was reached 
between Roskilde County and CWS for the Ramsø abstraction site in 1991, with a reduction 
in abstraction from 2.2 to 1.2-1.4 million cubic meters per year (Roskilde Amt, 1999). This 
reduction took place immediately, where abstraction rates have remained steady at 1.4 million 
cubic meters per year since 1991 (Roskilde Amt, 1999). 
In the 1990’s and on to present, there has been a further involuntary reduction 
groundwater abstraction at the Ledreborg, Gevninge and Kornerup abstraction sites. This is 
due to a combination of aging infrastructure and saltwater intrusion into the wells. The 
Ledreborg site has been completely shut down since 1999 due to problems with the wells 
(Roskilde Amt, 2003a). At Gevninge and Kornerup, CWS has had to close some of the wells 
because they surpassed chloride limit in the water from saltwater intrusion into the wells 
(Roskilde Amt, 2003a). 
In spite of the reduction of groundwater abstraction at Ramsø, the water level still exceeds 
the maximum allowed drawdown (Fig. 6.2). The hydraulic head in the wells has increased 
since the reduction of abstraction, but the well is still below the legal level for most of the 
time. At the Lavringe abstraction site, no reductions in abstraction have been realised. This is  
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Figure 6.3. Groundwater hydraulic head data for wells 206.81 (on the eastern side of 
Ramsø abstraction site) and 206.150 (on the northern edge of Lavringe abstraction site). The 
data covers from 1988 – 2003. 
reflected also in the well, where the groundwater levels still remain two meters beyond the 
legal limits (Fig. 6.3). 
Over the last three years, CWS has applied for a permit from Roskilde Amt in order to 
make up for lost production. CWS applied for the re-establishment of Ledreborg abstraction 
site, requesting a total production of 800,000 cubic meters per year to replace the wells that 
were forced to shut down (Roskilde Amt, 2003a). Roskilde County issued the permit in 2002. 
However, The Danish Society for the Conservation of Nature (DN) appealed the issuance of 
the permit to the Danish Environmental Protection Agency on the grounds that the abstraction 
would negatively impact the streams flow and ecology (Roskilde Amt, 2003b). The Danish 
EPA issued a stay, pending an investigation on how the proposed abstraction would affect the 
streams. Roskilde County contracted a study to determine how the stream flow would be 
affected by the renewed abstraction, and the final decision on this is still pending on the 
results.  
 
6.2 Discussion 
In general, the history of groundwater abstraction can be divided up into two distinct 
periods: the initial phase of development (up to the mid-1970’s) and the modern stage (mid-
1970’s to present). The first stage is dominated by development and production, while the 
latter stage is dominated by more environmental and ecological awareness. Each stage still 
has its mark on the groundwater management of the area we See today, and will influence 
how we treat management in the future. 
 
6.2.1 Influences during the initial stage of development 
The first 40 years of groundwater abstraction in the Lejre was dominated by development. 
There was an unquestionable need for clean drinking water to Denmark’s only main urban 
centre (and capital) a mere 30km to the east. Since the City of Copenhagen could not supply 
its citizens with enough clean water from within its boundaries, it had to go outside to find 
new sources. The technologies for exploration, production and transmission made it possible 
and even economical. Thus the development of a good, steady, clean water supply to 
Copenhagen and its surrounding communities was a logical development for a modern 
society. 
However, even at this time, there was the possibility for a conflict for the use of the water 
resources. The Water Law of 1926 states that abstraction cannot exceed the recharge from 
precipitation – in essence sustainable utilisation of the groundwater resource. Therefore, if 
 82 
CWS came in and took a large amount of water from the area, that would mean less for the 
local communities to use, which is what happened – CWS got 16 million cubic meters per 
year, where as the local municipalities got the rights to only 2.3 million. A second area for 
conflict was the amount of water in the streams and wetlands. Even in 1936, before 
abstraction began, it was thought that groundwater abstraction could have a direct influence 
on the streams and wetlands in the area, with the main question being as to what extent. This 
is illustrated by the agreement between CWS and Ledreborg Castle to provide an artificial 
spring to assure that there is always water running in front of the castle (Phillippe, pers. 
comm., 2004).  
These first two potential flash points remained for the first 40 years as well. As the local 
communities began to grow, their demand to supply clean water grew as well, but yet their 
water rights did not. And people began observing very low flows in the streams, even 
completely drying up during dry periods in the summer, and saw springs and wetlands dry 
out. In spite of this, there was very little observed opposition to the groundwater abstraction 
from the local communities. Even after the Water Balance Commission’s report came out in 
1952 stating that CWS had greatly overestimated (by 2 times) the amount of water available 
(the water balance for the area calculated by CWS was wrong), no change was forced, either 
by the local communities or the national government. Since the water rights were awarded on 
the basis of a incorrect overestimation of the true amount, this would certainly mean that the 
abstraction was not in compliance with the Water Law of 1926. Furthermore, from CWS’s 
own data, it can be Seen that the groundwater pressure was being reduced by more (at times 
up to 30% more) than what was allowed in the water rights. 
If people were observing the streams, springs and wetlands going dry as a result of 
groundwater abstraction, then why was CWS allowed to abstract water for the first 40 years 
without opposition? The possible reasons (as hypothesised in this study) for this is: 
1. Political pressure. The City of Copenhagen needed a clean supply of water, which it could 
not supply itself. Being the capital and largest industrial and business centre in Denmark, 
it yielded a significant amount of political power (Gudmand-Høyer et al., 1977). There 
was a strong backing by the national government, even providing the City of Copenhagen 
with preferential treatment when it concerned water rights (Gudmand-Høyer et al., 1977). 
Indeed, this is illustrated simply where a number of municipalities in the region were 
forced to purchase their water from CWS because they no longer had the rights to the 
water within their own boundaries – Copenhagen had first priority (Schrøder, 1995).  
2. Simple economics. The primary aquifer had a high water pressure and could easily be 
abstracted via a siphon system. Thus, there were very little daily operation costs were 
involved – the siphoning operation could run itself. The area was rich in water and was 
not too distant from the city, and could thus supply a significant supply of water without 
having to be transported long distances. Once the water works were established, it would 
be too expensive to just shut them down and look for water elsewhere. Therefore, CWS 
and the City of Copenhagen could counter any opposition with economic arguments (and 
exert the political pressure as described above). 
3. Abstraction may have been perceived to be actually doing a service to the local residents. 
Reducing the groundwater table would drain wetlands. During this period, Denmark was 
actively draining its fields in order to increase the amount arable land for the farmers. If 
groundwater abstraction will also drain wetlands, then the farmers would have also 
perceived it as a benefit. Draining the area would also make it easier for the construction 
of roads and travelling across the area (Schrøder, 1995) – another reason to promote (even 
increase) groundwater abstraction. 
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4. The consequences on the surface waters and fresh-water ecosystems were not known – at 
least not nearly to the extent that we now know today. This is compounded with the fact 
that the environmental awareness movement did not really gain popular support (and thus 
political consideration) until the 1970’s. The environmental NGO’s were not yet well 
established and could carry the cause. And thus without knowledge of the impact on 
ecosystems or the general environmental awareness, there was not any real possibility for 
opposition. 
All four of these points working in unison created an environment of non-opposition to 
the groundwater abstraction and the negative impacts it was having on the surface streams, 
springs and wetlands. By the time the situation began to change, a precedent of 40 years had 
already been set.  
 
6.2.2 Influences during the stage of environmental awareness 
By the mid-1970’s, a general movement of environmental awareness had begun. People 
were now taking a more critical look on how development – infrastructure, industry and 
resource exploitation – was effecting our environment. This included air pollution, water 
pollution and the loss of our natural habitats and biodiversity. There was also a rising 
awareness as to the importance of freshwater habitats, including streams and wetlands. This 
also marks the first time that we observe a general awareness and concern as to the effects that 
groundwater abstraction is having on these freshwater ecosystems.  In the Lejre area, this 
knowledge was enhanced directly by a number of studies on the groundwater abstraction in 
the Lejre area (i.e. Schrøder and Bondesen, 1979, Bondesen et. al, 1982, Michaelsen, 1986). 
In the beginning, the influence of the growing environmental awareness was not very 
strong. This can be Seen in the renegotiation of the water rights for the area which took place 
in the 1970’s. In the end, the concerns of taking too much water were not strong enough, and 
when the rights were awarded for the next 30 years, CWS was able to continue as it had over 
the previous 40 years. It is apparent that political concerns about supplying clean water at this 
time outweighed any environmental concerns. 
By the time concern over groundwater abstraction in the area began to surface – in the 
1970’s and 1980’s – CWS had already 40 years of abstraction in the area, which had set a 
precedent which was difficult to go against. The renegotiation of the water rights in the late 
1970’s provided the perfect opportunity to address these concerns and reconsider the water 
management. However, this did not happen, for likely two reasons. Firstly, water 
consumption in Copenhagen had not yet peaked out by this time and it was estimated that 
water consumption would continue to rise (Bondesen et. al., 1982). Water was still needed. 
Secondly there would also be costs associated with shutting down water wells and relocating 
water abstraction to another area. Therefore, it would have been very difficult go against the 
inevitable pressure from the national government and the City of Copenhagen and reduce the 
water that the City of Copenhagen needed. 
A number of water resource management schemes to provide the water while protecting 
the streams were proposed and considered in the 1970’s and early 1980’s. These schemes 
were not adopted for a variety of reasons, but the deciding factor was likely the costs 
associated with the development and operation of the plans. It was easier and cheaper to 
continue with the status quo than try to fix the problem. There simply was not enough 
pressure from the people and local communities (and even the County) to be able to get CWS 
and the City of Copenhagen to accept these management plans. 
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Action was finally taken in 1988 to reduce abstraction at Hule Mølle and Ramsø in 1991, 
in an agreement between Roskilde County and CWS. It is only at this time when pressure 
from the local community, NGOs and researchers, backed by the regional water management 
plan for the Greater Copenhagen Metropolitan Area, was great enough to force CWS to 
accept lowering the amount of abstraction. However, this decrease in groundwater abstraction 
(3.8 million cubic meters in total) was easier for CWS to accept since the amount of water 
CWS needed to produce overall had been decreasing steadily since about 1975 and by 1990 
was almost 20 million cubic meters less than during peak production in 1972 (Schrøder, 
1995). Therefore, they could make up the loss of production simply through the lower 
demands and abstracting the water from the other waterworks, they did not have to look for or 
develop new sources of drinking water.  
In the last 2 years, CWS – now Copenhagen Energy – has begun to apply to Roskilde 
County for the construction of new water wells and abstraction sites to replace those which 
have broken down and no longer operational. New wells have been applied for both at 
Ledreborg and Ramsø abstraction site – in the case of Ramsø they would also like to increase 
production above the previously agreed reduction. In both cases, these permits have not been 
issued due to the pressure from NGOs (particularly DN), and are pending further research into 
the effect that this additional abstraction will have on the streams. This clearly shows that 
concern over the environment is being taken in consideration by the authorities, and 
utilization of the water resource is not been taken without question. 
In recent years, particularly with the change to a more conservative government in 2001, 
there has been a movement gaining momentum in order to “get the most environment for the 
money”. This could have a direct impact on the water resource management for the Lejre 
area. There will always be a great need to supply Copenhagen with clean drinking water – 
anything less will not be accepted. The infrastructure for water abstraction and transportation 
from the Lejre area is already established, so the costs of closing it down and moving to 
another location would be high. The argument, “could that money be better spent elsewhere to 
protect the natural environment?” will play a role in the development of any future water 
management plan. Therefore the precedent for groundwater abstraction set all the way back in 
1936 becomes very important for future water management for Copenhagen Energy and the 
counties providing its water. The infrastructure was developed in spite of the ecological 
consequences that we first really became aware of 40-50 years later. The costs of shutting 
down the infrastructure and moving abstraction to other sites in order to protect the streams 
and wetlands around Lejre will be weighed directly against abstraction in other areas (and the 
environmental damage there) or diverting the resources towards other nature management 
projects in the area.  
Finally, there are two events in the medium term future, which will play a very important 
role in the development of water management in the Lejre area. First of all, the water rights 
come up for renegotiation in 2010. This will provide the means for the water rights could be 
significantly reduced or even completely taken away from the City of Copenhagen. At this 
point, it is uncertain who will be the administering the water rights, as it is likely that the 
counties in Denmark will no longer exist by 2010. The second important date is 2015 – this is 
when the EU WFD needs to be adhered to. By this time, all streams in the River Kornerup 
catchment must have obtained a “good ecological status”. This fact will likely weigh strongly 
in the water rights allocation decision in 2010. 
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6.2.3 Concluding Remarks 
As stated before, there will always be the basic need to supply Copenhagen with a clean 
water supply. This is the reason abstraction began in Lejre in 1937 and continues today. 
Resource management plans, such as Water Plan Zealand, as well as regulations, such as the 
EU Water Framework Directive, state that groundwater abstraction cannot be conducted in a 
manner that degrades or threatens the fresh water ecosystems – streams and wetlands. As 
more sources of groundwater in the vicinity of Copenhagen become polluted, the water at 
Lejre – still a clean and unpolluted source – will become more and more important for 
Copenhagen. Due to this fact as well as the already developed infrastructure, it is unlikely that 
water abstraction by Copenhagen Energy in the Lejre area will be or even can be shut down. 
New management plans must be developed (or the old ones reconsidered) in order to be able 
to supply the water without significantly harming the ecosystems. In order for any developed 
plan to be considered and accepted, the costs involved must be held to a minimum in order for 
the plan to be accepted.  2010 will be a watershed mark for groundwater management in this 
area, as this is the time when the water rights have to be renegotiated. 
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7. Hydrological and Ecological Modelling Methods 
 
Hydrological and ecological models provide the basis for the empirical studies for this 
project. Models and basic statistical analyses will be used to characterise the surface and 
groundwater system as well as the stream ecology. These models and statistical analyses will 
be employed with the respect of water management; the models have been chosen because the 
can be used to base water management decisions on. This chapter provides a short description 
on the background of the models, validation to why the models are relevant for this type of 
investigation and provides the methodology used on the data. The results of the data are 
presented in Chapter 8. 
 
7.1. Characterisation of Streams 
The characterisation of the streams in the study area consists of a simple statistical 
analysis of the historical flows. This analysis will show the most recent stream flow to 
provide an overview of the current situation. These results will be combined with the results 
from the habitat model RHYHABSIM (described in Section 7.4) to determine the degree that 
the most recent low flows are influencing the stream ecosystem, and how much more water 
needs to be in the stream to provide the possibility to achieve a self sustaining population of 
brown trout and therefore a healthy ecosystem. They will also be compared with the Tennant 
method and the Median Minimum Discharge method (MMM) (described in Section 7.1 and 
7.3.2 respectively). 
The stream data analysed was collected and provided by Roskilde County. The years 
between 1999 and 2002 – the last 4 years in the time series – were analysed because the last 
significant change in groundwater abstraction in the area occurred in 1998, and thus this data 
will be the most representative of the current situation in the streams. The data was analysed 
in two groups: summer and winter months. The summer months, May 1 – September 30, were 
chosen because this is the time period where evapotranspiration exceeds precipitation (Fig. 
4.11), and when most of the lowest flows occur. The winter months were analysed from 
Novebmer 1 – February 28 because this is the time frame when the brown trout are spawning. 
The current instream management objectives (IMOs) for the River Kornerup Catchment 
include the protection of both spawning and general living habitat for the brown trout (Fig. 
5.5), and thus both the time of spawning (winter) and the lowest flows must be evaluated. The 
statistics measured over this period include the maximum, minimum, median and average 
flow over the given time frame, as well as the frequency of discharge rates.  
 
7.2 Characterisation of Groundwater 
As described in the Chapter 2, it is not the purpose of this study to produce a sophisticated 
model on the interaction between groundwater and surface water. However, a basic 
understanding on how groundwater abstraction is affecting the state of the primary 
groundwater aquifer (Tertiary chalk deposits) and subsequently the stream flow is important. 
Firstly, the change within the primary aquifer will be described based off of 
potentiometric surface maps produced by Copenhagen Water Supply and Roskilde County. 
These maps will show how the groundwater potentiometric surface has changed as a result of 
groundwater abstraction. Secondly, a model showing the change in land area for the potential 
discharge area of springs and wetlands within a basin. This will be achieved by comparing the 
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potentiometric surfaces with the ground level. The areas where potentiometric surface is 
higher than the ground, the aquifer becomes artesian and there is the potential for water to 
reach the surface. If it is lower than the ground level, then springs from the primary aquifer 
will not be possible. The statistics for the area will be calculated using GIS.  
Thirdly, the effect of water abstraction on stream flow will be described in general terms. 
In 2003, Roskilde County (2003a and 2003b) contracted WaterTech a/s to conducted two 
local surveys on how changes in groundwater abstraction, either by increasing abstraction 
rates or by moving the location of the abstraction wells, will affect the flow in the streams. 
WaterTech a/s based these localised studies off of a regional groundwater model they 
developed for the entire county in 2002. The results of this study will be used to illustrate how 
stream baseflow will change through changes in the amount and location of groundwater 
abstraction. A detailed evaluation on the accuracy or applicability of the groundwater model 
by WaterTech a/s will not be conducted in this investigation. 
 
7.3. Historic Flow Methods  
Historic flow methods analyse the historic flows of streams to come up with a “rule of 
thumb” flow for management purposes. They are commonly referred to as minimum flow 
methods since they come up with a minimum flow range to protect a streams ecosystem 
(Reiser et al. 1989). These methods result in single stream flow values, recommended for a 
defined period in individual streams. The two methods considered for this study include the 
Tennant (or Montana) method (Tennant 1976) and the Median-Minimum Discharge method 
(MMM) (Clausen and Rasmussen, 1988) 
 
7.3.1 The Tennant Method 
Probably the most widely known of historic flow methods would be the Tennant method 
(Tennant, 1976). It is the second most popular method in the USA and is recognised by 16 
states and often is used in a slightly modified form to better suit the conditions of the area it is 
being applied to (modified Tennant method) (Reiser et al., 1989). The assumption behind the 
Tennant method is that some percentage of the mean flow is needed to maintain a healthy 
riverine ecosystem and if the flow is reduced it will cause a reduction in the biological state 
(i.e. species diversity, abundance etc) proportional to the reduction in flow (Table 7.1.). While 
examining cross-Section data from 11 streams in Montana, Nebraska and Wyoming, Tennant 
observed that stream width, water velocity and depth all increased rapidly from zero flow to 
10% of the mean flow and that the rate of increase declined at flows higher than 10%. Table 
7.1 gives a description of the flow regimes in percentages of average flow needed to maintain 
river health at varying levels according to Tennant (1976).  
• At less than 10% of the average flow, water velocity and depth were at critical 
limits for survival of aquatic biota and would only sustain short-term survival habitat for 
most aquatic biota. 
• At 30% of the average flow, water velocity, depth and width were adequate to 
sustain good survival habitat for most aquatic biota. 
• At 60% of the average flow, water velocity, depth and width were at excellent to 
outstanding habitat for most aquatic biota. 
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Table 7.1. Instream flow regimes for fish, wildlife, recreation, and related environmental 
resources. (Modified from Tennant 1976) 
 
 Recommended base flow  regimes 
 Percent of Mean Annual 
Flow 
 
Description of Flows October - March April – Septembera 
   
Flushing or maximum Flows 200% of average flow 200% of average flow 
Optimum Range 60% - 100% of average 
flow 
60 – 100% of average flow 
Outstanding 40% 60% 
Excellent  50% 
Good 20% 40% 
Fair or Degrading 10% 30% 
Poor or Minimum 10% 10% 
Severe Degradation 10% of average flow   
to zero flow 
10% of average flow   
to zero flow 
 a
 The season would be reversed for the  Southern Hemisphere streams  
 
Inflection Points For 
The Different M ethods
Flo w
H isto ric F lo w 
M etho d
H ydraulic  F lo w    
M etho d
H abitat  
M etho d
X
P o ssible 
Inf lect io n 
P o int
X
X
10% fo r the T ennant  
M etho d
 
Figure 7.1. Inflection points such as where the curve starts to decline rapidly towards 0 are 
used by all three methods for defining flow requirements but inflection points are derived 
differently for all methods (Clausen et al., 2004). 
 
 
With both of these types of methods the defined minimum flow may be defined at an 
inflection point on graphs produced from the collected data (Fig. 7.1).  This point on the 
graph is usually defined where the hydraulic parameter starts to decline rapidly towards zero 
(e.g. Fig. 7.1, gives examples of where inflection points may be situated for all habitat 
methods), or where the hydraulic parameter has dropped below a certain percentage of its 
value at average flow (Fig. 7.1) (e.g. 10% for the Tennant method, Fig. 7.1). Tennant used the 
inflection point when he found that depth and width declined sharply at flows less than 10% 
of the average flow. Tennant used the hydraulic method and the suitability of water depth and 
velocity for aquatic biota to develop a historic flow method (Tennant 1976). 
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This type of method (also referred to as a regional method) is intended only to be used in 
the area it was developed or in similar areas with the same types of streams as what Tennant 
used to develop the method. Despite this intention the method has been applied in many areas 
of the world (Clausen et al., 2004). The Tennant method has been modified for many different 
areas in the world. This is usually done by the researcher following all the steps that Tennant 
took and after this producing a table similar to that of Table 7.1). The difference is that the 
new table would reflect the empirical findings of the researcher, instead of Tennant, and be 
specific to the biota and river of interest (Stalnaker 1995).  
The Tennant was applied on stream discharges for the Lillebro, Assermølle and Tokkerup 
stream monitoring stations for the years 1989 – 2002. For each stream the mean annual daily 
discharge was calculated. Then using the guidelines in Table 7.1, the Tennant method figures 
were calculated. It should be noted that these figures are only estimates, as the method has not 
been modified for the small Danish streams - the actual Montana stream values are being used 
in this study to come up with the Tennant method values. 
 
7.3.2 Median Minimum Discharge Method (MMM) 
In Denmark, a proportion of the median of the annual minima has been recommended as a 
minimum flow (Miljøstyrelsen, 1979). It is referred to as the Median Minimum Discharge 
method (MMM) or simply the median minimum. 
The median minimum is a technique to determine the historical low flows in a stream – 
also known as the baseflow. These are the flows, which come solely from springs or 
groundwater feeding directly into the streams. These low flows occur during dry periods 
where there is no direct input of precipitation or surface drainage to the streams. This 
typically occurs in the summer in Denmark, at a time when evapotranspiration exceeds 
precipitation. 
Basically, the median minimum value is the discharge in which the lowest daily average 
flow of any given year will have a 50% chance of being higher or lower. Thus, if the median 
minimum discharge of a stream is 50 litres per second, there is a 50% chance that the lowest 
flow of any given year will be less than 50 litres per second (and 50% chance that it will be 
greater). The median minimum value is calculated over a long period of time, with a time 
series of 22 years or more being optimum (Clausen and Rasmussen, 1988).  
The counties and municipalities used the median minimum technique originally to make 
decisions with respect to how much treated wastewater can be released into the stream 
(Clausen and Rasmussen, 1988). The median minimum provides a base flow in a stream, 
which is available to dilute, treated wastewater, which is being emitted, into the stream. The 
higher the median minimum, the more wastewater can be emitted without severely degrading 
the ecological health of the stream. Today, the method is also being used as a guideline for 
regulating groundwater abstraction, which could or is affecting stream flow (Refsgaard et al., 
2002). In essence, the median minimum value is used as an environmental rule of thumb in 
order to maintain the ecological health of a stream. 
The median minimum value is representative of only one point on a stream – the point 
where the water measurements are taken. Since these measurement stations do not necessarily 
occur where wastewater is being emitted to the stream, a median minimum rate is usually 
provided for the stream. This rate is calculated by taking the median minimum value at the 
measuring station and dividing it by the total upland area of the stream (i.e. the catchment 
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area of the stream above that point). Thus the value is given as litres per second per km2. 
From this rate, one can quickly calculate the median minimum value for any point on the 
stream. As a general rule of thumb, Roskilde County estimates a median minimum rate of 0.5 
l/s/km2 for the stream it administers (Roskilde Amt, 1992b; Jacobsen et al., 1995; Rasmussen, 
2004, pers. comm.).  
Desk-top methodologies such as the Tennant method anticipate that hydrologic records 
are available. In countries such as Denmark where streams have been heavily modified and 
historic flow records are rare if any before the streams were modified then it can be difficult 
to apply such an approach. However, historic flow records can be predicted based on a 
surrogate indicator such as drainage area (Stalnaker, 1995).   
 
7.4. Habitat Methods  
 Minimum flow requirements are no longer viewed as adequate and methods need to show 
the relationship between habitat and stream flow. This gives the researcher the ability to 
display impacts on the resource of interest for any given flow (Stalnaker, 1995).  
The most recognisable difference between habitat methods and historic flow methods is 
that assessment of flow requirements is based on hydraulic conditions that meet specific 
biological requirements rather than hydraulic parameters themselves. When assessing flows 
the model predicts water depth and velocity throughout a reach (Fig. 4.18). These values are 
then combined with habitat suitability criteria to determine the area of available habitat for the 
target species (Fig 4.18). If done for a range of flows, the model is able to predict how 
available habitat changes with flow.  When using habitat methods, flows can also be set from 
inflection points (Fig 7.1.) in the same or similar method as for historic and hydraulic 
methods. As a single flow requirements is often viewed in river management as inadequate 
and a range of flows (See Section 4.7.1., 4.7.2.) is needed to meet IMOs then different 
inflection points can be set and divided into ranges (Fig. 4.14) (Tunbridge and Glenane, 
1998). There is no percentage or absolute value for determining these inflection points or 
inflection point ranges and it is up to the researcher and his knowledge to define this (Gordon 
et al., 1994). 
 This ability to model a range of flow regimes makes habitat methods suitable for 
negotiation situations, where incremental change in habitat can be compared with the benefits 
of resource use. Habitat methods can be used to evaluate alternative flow regimes under 
different management strategies and have the ability to play a major role in river management 
(Cavendish and Duncan 1986). 
The most famous of habitat methods is probably the habitat simulation model Physical 
HABitat SIMulation System (PHABSIM) (See Section 4.11). A modified version of 
PHABSIM has been developed in New Zealand by Ian Jowett and was first presented in 1989 
(Jowett, 1989). The River Hydraulic and HABitat SIMulation (RHYHABSIM) model can be 
viewed as a highly simplified version of PHABSIM. Due to the problems caused by the large 
number of options in PHABSIM that can result in big differences in results for the same data, 
depending on which options are selected for analysis, RHYHABSIM is much more user-
friendly with less options where different analysts will get similar results, but does have less 
flexibility (Gan and McMahon, 1990). 
 
7.4.1. The River HYdraulic and HABitat SIMulation (RHYHABSIM) Model 
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RHYHABSIM is a computer model, which like PHABSIM can also form a major 
component of IFIM. It is a specific model designed to measure the amount of microhabitat 
available for different lifestages at different flows (Jowett 1989) The main assumption of 
RHYHABSIM is that riverine biota will react to changes in the hydraulic environment. 
Further, individual biota will tend to select the most favourable instream habitats, but will also 
use sub-optimal habitats, with preference decreasing as conditions become less favourable 
(Jowett 1998).  
Using the assumption that aquatic biota reacts to changes in the hydraulic environment, 
RHYHABSIM produces habitat – flow relationships in the forms of line graphs.  
RHYHABSIM models changes in water surface and velocity patterns in relation to discharge 
(See Section 4.11) (IFIM step 3, Fig. 4.18). These relationships are combined with habitat 
suitability curves (HSCs) (IFIM step 2, Figure 4.18) to produce habitat – flow relationships 
(IFIM step 4, Figure 4.18).  
The final reach habitat curve (RHC) (habitat – flow curve) shows the physical habitat 
area, also known as weighted usable area (WUA) as a function of flow. It can be expressed as 
absolute values in terms of physical habitat area in m2 per m river (or m of river width) or in 
relative terms as percentage (habitat area divided by total area). WUA is an indicator of the 
net suitability of use of a given reach for a given life stage of a certain species. Jowett (1992) 
found that the density of brown trout was related to the amount of habitat suitability present. 
WUA can be used to predict this. 
 Habitat suitability curves (HSCs) (Fig. 4.18) are the biological basis of habitat methods. 
Using RHYHABSIM enables the researcher to inform decision makers about the impacts on 
fish habitat of different flows for different life stages. Attention is typically given to the life 
stages of fish species that are of special concern for management or are thought to be most 
sensitive to change (See Section 4.2.2) 
The final result produces a presentable relationship between flow and habitat. Linking 
species criteria with flow dependant stream channel characteristics produces this. This result 
aids in negotiation by more clearly depicting the negative impact sub-optimal flow will have 
on habitat and therefore the indicator fish species (Stalnaker, 1995).  
RHYHABSIM requires the collection of field data on stream cross Sections and habitat 
features, hydraulic simulation to evaluate habitat variables at different flows, and species 
suitability criteria (HSCs) to calculate stream characteristics with available habitat at alternate 
flows (Gordon et al., 1994). 
The basic procedure for RHYHABSIM is: 
1. Data collection – the stream survey,  
2. Input and calibration of the model (hydraulic), 
3. Choice of habitat suitability curves (species, life stages), 
4. Simulation of required flows, and 
5. Habitat evaluation. 
The first step in the data collection is to identify a stretch of stream that is representative 
of the stream as a whole, or is to be studied for a specific purpose (Jowett, 1998). In the case 
of this study, we selected one site representative of the stream as a whole for the R. Langvad, 
R. Tokkerup and R. Ledreborg (Fig. 5.1). Each of these survey sites contained 15 cross-
Sections representing 5 pools, 5 riffles, and 5 runs. The stream channel profile was surveyed 
at each cross-Section and the stream flow and stage were measured. Three follow-up visits 
were conducted measuring the flow and stage. These follow-up measurements were 
conducted at different stream flows so that the hydrologic part of the model could predict how 
 92 
the stream responds in terms of depth and velocity to changing rates of flow. For a more 
detailed description of the field methodology, please see Appendix C. Photographs of the 
stream survey sites are located in Appendix E.  
The next step is to enter the data into the computer model and chose a representative HSC. 
Many authors from different areas in the world have devised HSCs and it is very important 
that the habitat suitability curves used in the RHYHABSIM model have been formulated from 
the area in which is being studied or in streams with very similar morphological 
characteristics. This study used the HSCs that were modified by Lund (1996) for River 
Elverdam, which lies some 10km west of the study area, for fry, juvenile and spawning brown 
trout. These HSCs were modified USA Bovee HSCs to take into account Danish habitat 
differences. For adult brown trout, this study used curves developed by NERI for small 
streams in Jutland (Fjorback et al, 2002).  
The RHYHABSIM program would then, using the hydrologic data and the HSCs, 
simulate the river flows and stream habitat. These resulting HSCs were then analysed for the 
optimum available habitat range (OAHR), the degrading available habitat range (DAHR) and 
the severely degrading available habitat range (SDHR). The ranges were determined based on 
inflection points within the RHCs, as illustrated in Figure 4.14.  
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8.  Ecological and Hydrological Modelling Results 
 
This chapter provides the results of the hydrological characterisation and ecological 
modelling. The data here is presented, for the most part, in its raw form – there will be some 
description of the trends of the data, particularly in the stream and groundwater 
characterisation, when necessary. The analysis and comparison of the data presented in this 
section will take place in Chapter 9. 
 
8.1 Stream Characterisation Results 
The data for the characterisation of the three rivers is shown in Table 8.1. Fig. 8.1 shows 
the flow rate vs. frequency percentile (i.e. the percent of days which had a lower flow). From 
this data, it is apparent that the flow in all three streams is extremely variable both in the 
summer and winter. The summer rates vary from less than 10 l/sec streams to over 1000 l/sec 
in R. Langvad and Tokkerup, and less than 10 l/s to 600 l/s in Ledreborg. Interestingly 
enough, R. Tokkerup had both the lowest and highest flow at 3 l/sec to 1787 l/sec. R. 
Langvad, with the largest catchment area, had the largest median and average flows, but 
maximum flow was still 600 l/sec less than R. Tokkerup. R. Ledreborg was the smallest 
stream, but had the highest minimum flow. In fact, the lowest 5% flows in R. Tokkerup were 
less than R. Ledreborg minimum (Table 8.1). The winter flows had a more normal 
distribution according to catchment size, with Langvad having the largest, and Ledreborg the 
smallest winter flows in all categories (Table 8.1). 
The characterisation of flow frequency illustrates a difference between the three rivers 
(Fig. 8.1) during the summer months. The steeper curves for the Rivers Tokkerup and 
Ledreborg show that, in spite of having the same flow range as Langvad, their flows are 
concentrated in the lower 30% of the flows. For example, Ledreborg has 90% of its summer 
flows less than 100 l/sec, where as Langvad has only 57% below 100 l/sec with R. Tokkerup 
in the middle with 70% below 100 l/sec (Fig. 8.1). The distribution of the winter flows on all 
three rivers is more regular, with diversion occurring only during the extreme high events.  
Figure 8.2 shows a hydrograph for the river flows and annual minimum flow for the period of 
1989 – 2002.  
 
Table 8.1 Characterisation of the daily average flow (DAF) for the years 1999-2002. The 
summer months analysed are May 1 – September 30, and the winter months include 
November 1 – January 31. The flow presented in the 25% and 5% column represents the rate 
at which DAF was observed to be lower 25% and 5% of the time respectively. All flows are 
given in litres per second (l/sec). The data for the analysis was collected and provided by 
Roskilde County. 
River Period Maximum Flow 
Minimum 
Flow 
Median 
Flow 
Average 
Flow 25% 5% 
Summer 1142 5 89 120 48 17 Langvad Winter 1999 61 430 518 288 71 
Summer 1787 3 64 107 29 5 Tokkerup Winter 1094 47 333 364 173 72 
Summer 639 6 35 52 21 9 Ledreborg Winter 907 39 179 205 118 47 
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Figure 8.1. Flow frequency for Rivers Langvad, Tokkerup, and Ledreborg. The distribution of 
the flows in relation to the percentage of time that lower flows are reached. For example, the 
River Langvad experienced flows lower than 100 l/s 57% of the time during the summer 
months. The blue dotted line represents the flow at 25%, and the red represents the 
percentage at 100 l/sec (summer only).  
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Figure. 8.2. The upper diagram shows the lowest recorded flow in a calendar year for the 
rivers Ledreborg, Tokkerup and Langvad between 1989 and 2002. The lower diagram 
illustrates the daily flow rate between the years 1999 and 2002. (Data supplied by Roskilde 
County) 
 
8.2 Groundwater Characterisation  
 
8.2.1 Potentiometric Surface Characterisation  
Fig. 8.3 (Potentiometric Maps) shows the transition of the potentiometric surface within 
the River Kornerup catchment. The map of 1936 represents the surface before abstraction 
began. 1975 represent the surface during the height of groundwater abstraction. And 2003 
represents the latest map and current conditions. 
In 1936 one can see a “normal” potentiometric system, where in general the groundwater 
flow (which occurs perpendicular to the contours representing the potentiometric surface) 
generally follows the streams. The groundwater divide occurs in the upland area of River 
Tokkerup and Lavringe, crossing the rivers approximately 2km from their source. Thus it is 
apparent that the source of these two streams lies in another groundwater aquifer basin.  
By 1975, depressions and large flat areas have developed in the groundwater system. 
Particularly at the abstraction areas of Ramsø and Lavringe (Fig. 8.3) depressions have 
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developed, causing even localised “upstream” flow towards wells to occur. There has also 
developed a plateau between the Ramsø and Lavringe abstraction site which did not exist in 
1936. In the lower stream area, a large flat area has developed from the Assermølle 
abstraction site and below. The groundwater divide has migrated back inland, and now the 
entire River Lavringe is within the groundwater basin. In general, the total drawdown in the 
area is between 10 and 14 meters. 
By 2003, the situation has changed again with the reduction of groundwater abstraction 
rates. The plateau still exists between Lavringe and Ramsø, but it is not as pronounced as it 
was in 1975. The groundwater depression around Lavringe Abstraction site is gone, and the 
Ramsø depression site is not as extensive as in 1975. The lower flattened area, however, 
remains as large and extensive as it was in 1975. The upland area of the groundwater basin 
has become very irregular. The divide appears to be migrating towards its original location, 
but is still further upland than it was in 1936.   
 
8.2.2 Area of Potential Discharge 
Area of potential discharge is defined as the area where the aquifers potentiometric 
surface (representing the groundwater pressure) is higher than the ground level. Fig. 8.4 
shows where this occurred in 1936 (before groundwater abstraction), 1975 and 2003. One can 
immediately see that by 1975, nearly all the area for a potential perennial source of water 
from the primary aquifer had disappeared. The only potential sources are located in near the 
headwaters of River Ledreborg (Fig. 8.4). By 2003, with reduced abstraction, some of the 
perennial sources returned, with some area present in all streams. Yet the area still has been 
substantially reduced from the pre-abstraction 1936 levels. Table 8.2 shows the actual total 
area of perennial sources for each stream catchment. These figures only reinforce the visual 
impression of Fig. 7.4 provided, with the total area in 2003 approximately 10% of that in 
1936. 
 
Table 8.2. The area of potential perennial sources of water from the primary aquifer for each 
stream in the Kornerup catchment. The River Lejre was also included, though not an actual 
tributary to River Kornerup, because of its historical and physiological relationship to the 
stream. 
Stream Area – 1936 Area - 1975 Area - 2003 
Kornerup  2.69 km2 0.00 km2 0.00 km2 
Langvad 3.24 km2 0.00 km2 0.34 km2 
Lavringe 4.10 km2 0.00 km2 0.45 km2 
Tokkerup 0.48 km2 0.00 km2 0.00 km2 
Ledreborg 1.31 km2 0.08 km2 0.48 km2 
Lejre 2.94 km2 0.00 km2 0.25 km2 
Total 14.76 km2 0.08 km2 1.52 km2 
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Figure 8.3. Groundwater potential maps for the years 1936, 1975 and 2003 for the River 
Kornerup catchment area. The maps were constructed from data provided by Copenhagen 
Water Supply and Roskilde Amt. 
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Figure 8.4. Map over the potential discharge area of water from the primary ground water 
aquifer for the years 1936, 1975 and 2003. Note: the area from 1975 and 2003 (red and 
green) also represents potential discharge for 1936. Data for the map was provided by 
Copenhagen Water Supply and Roskilde County. 
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8.2.3 Water abstraction and stream flow 
The two studies on groundwater-surface water interaction with relation to groundwater 
abstraction conducted by WaterTech a/s provides data on how streams are directly affected by 
abstraction (Roskilde Amt, 2003a and b). The first study modelled the response of the primary 
groundwater aquifer and stream flow response for the replacement of the Ledreborg 
abstraction site, increasing the abstraction from 0 to 800,000 m3 per year. The study also 
modelled the same parameters for 3 alternatives sites located in hills away from the streams 
(Fig. 8.5). Alternative 1 was located in higher ground approximately 700m to the NE of the 
current Ledreborg abstraction site. Alternative 2 was located in the hills to the south of Lejre, 
approximately 500m to the E of River Tokkerup. Alternative 3 was located on the plateau 
approximately 1000m to the N of River Langvad (Fig. 8.5). Test runs on the model, for 
calibration purposes, showed that deviations from the actual flow of River Kornerup under 
historic conditions (flows from between 1996 and 2002), were under 10% (Roskilde Amt, 
2003a). Therefore it was determined that the model was valid. Only the results from the 
alternative 3 run were questioned, due to the unusually high hydraulic conductivity calculated 
for the primary aquifer. The results of the model are shown in Table 8.3. In every alternative 
the discharge for nearest stream would be reduced by 3-4 l/s, except in scenario 2, where the 
River Tokkerup would be reduced by as much as 10 l/sec in the summer. Note: the cell size of 
the model is 200x200m. Therefore the drawdown at the well itself will be greater than 
predicted by the model. 
The second study, also conducted by WaterTech using the same regional model was 
conducted on the Ramsø abstraction site (Roskilde Amt, 2003b). The project was conducted 
to see how changes in water abstraction location would affect the streams and wetlands in the 
area. Two scenarios were considered, the first moving the wells to an area south of Øm, just 
to the west of the current abstraction area, and the second diverting some of the abstraction to 
two wells to the SE of the current abstraction area, approximately 500 south of the River 
Langvad (Fig. 8.5). Both scenarios showed a moderate (80 – 120cm) decrease in the 
groundwater potential around the wells, but a moderate increase in the centre of the current 
abstraction site, where River Langvad runs. This leads to a predicted increase of between 4 
and 6 l/sec in the flow of River Langvad (Roskilde Amt, 2003b). The only problem was a 
predicted effect on the wetlands SW of Øm, where the groundwater potential will be reduced. 
This model was less robust than the model for Ledreborg, and thus the results somewhat less 
reliable. The authors state that the results on the drawdown can only be tested through direct 
well test measurements (Roskilde Amt, 2003b). 
 Table 8.3. Results of groundwater model showing the drawdown and decrease in stream 
discharge for the development of wells to abstract 800,000m3 of water at Ledreborg and 3 
alternative sites. Data from Roskilde Amt (2003a). 
Test 1 – Ledreborg Abstraction and Alternatives 
Model Run Drawdown Decrease in Stream 
Discharge 
Reopening Ledreborg Maximum of 0.4m 
Cone of depression extent: 2000m 
River Ledreborg – 3 l/sec 
Other streams - none 
Alternative 1 Maximum of 0.5m 
Cone of depression extent: 2000m 
River Ledreborg – 3 l/sec 
Other streams - none 
Alternative 2 Maximum of 9.0m 
Cone of depression extent: 500m 
River Tokkerup – 10 l/sec 
Other streams – none 
Alternative 3 Maximum of 0.2m 
Cone of depression extent: 3000m 
River Kornerup – 4 l/sec 
Other streams - none 
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Table 8.4. Results of the Tennant Method applied to the Rivers Langvad, Tokkerup and 
Ledreborg.  
  
River Langvad Winter 
(L/s) 
Summer (L/s) 
Optimum 218 – 363 218-363 
Good 73  146 
Fair 36 109 
Critical <36 <36 
River Tokkerup 
Optimum. 172-288 172-288 
Good 58 115 
Fair 29 86 
Critical <29 <29 
River Ledreborg 
Optimum 93 – 155 93 – 155 
Good 31 62 
Fair 16 47 
Critical <16 <16 
 
 
Figure 8.5. Locations of the alternative sites considered for the Ledreborg and Ramsø 
abstraction sites. The Ledreborg alternatives (1, 2, and 3) were looked at to replace 
abstraction that has been discontinued (Roskilde Amt, 2003a). The Ramsø alternatives are 
well abstraction sites which would replace the current Ramsø water wells (Roskilde Amt, 
2003b).  
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8.3. Historic Flow Results  
 
8.3.1. Tennant Method Results 
These results were obtained from taking flows from 1999 – 2003 and applying the 
principles Tenant (1976) (Table 7.3.1) set out in Table 8.4. Note: for the Tennant method to 
be applied correctly the values should be based off ‘historic flow records’, but as there have 
not been any recorded before modification, values had to be based off modified records.   
 
8.3.2. Median Minimum Discharge Method (MMM) Results 
Table 8.5 shows the calculated median minimum values for the River Kornerup and its 
tributaries based on the stream flow data provided by Roskilde County for the period 1989 – 
2002. In total 14 measurements – the lowest flow for each year – was analysed. This is, of 
course, eight years less than the recommended time period (Clausen and Rasmussen, 1988), 
but provides a decent estimate as to the current median minimum for the rivers. The location 
of the stream monitoring gauges are shown in Fig. 8.6.  
The calculation for the median minimum is based off the reach where the monitoring station 
is. This is problematic particularly for the River Ledreborg. As shown in Table 8.1.4, the 
minimum flow at the station is 0 l/sec, indicating that the river goes dry. However, this station 
is not representative of the stream above, as the section of stream that runs above the 
monitoring station in front of Ledreborg castle, always has water in it due to an artificial 
spring just below the Hule Mølle monitoring station (Figure 5.4; Michaelsen, 1986), and is 
able to support a self-sustainable trout population. It is in this section of stream that this 
investigations monitoring station is located. Because a change in the geology and 
groundwater abstraction, the stream looses water into the ground just before the monitoring 
station, causing it to have lower flows than above, even going dry during extremely dry 
periods. Therefore, the calculated median minimum for River Ledreborg is lower than what 
would be calculated upstream. The median minimum flows for the streams based on the 
County’s 0.5 l/sec/km2 of upland area estimate are also presented in Table 8.5. These median 
minimum flows are over twice as the median minimum calculated from the time period 1989 
– 2002. 
 
Table 8.5. Calculations for the median minimum values for the River Kornerup and its 
tributaries. Minimum flows for the years 1989-2002 were used for the calculations. The 
bolded values are the values that are most important when referring to the MMM results. 
 
Median Minimum Calculations 
Minimum Flow – ’89-02’ (l/s) Calculated Med. Min 
Stream Site Max. Min. Ave. Med. Min. Upland area (km2) 
Med. Min 
(l/s) 
Langvad Assermølle 45.9 3.0 15.4 14.8 80 40 
Ledreborg Lillebro 14.6 0.0 7.8 8.5 27 13.5 
Tokkerup Søndergaarde 26.7 1.0 7.9 4.6 30 15 
Lavringe Flædevad Bro 59.9 4.0 18.7 17.2 66 33 
Kornerup Møllebro 75.3 11.1 40.3 45.8 180 90 
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Table 8.6. Habitat curve interpretation results for Rivers Langvad, Tokkerup and Ledreborg. 
OAHR is the optimum available habitat range, DAHR is the degrading available habitat 
range, SDHR is the severely degrading habitat range, and WUA is weighted usable area. The 
ranges were interpreted from the curves in Fig. 8.6. 
Lund Fry Lund Juvenile DMU Adult Lund Spawning 
 
Flow 
Range 
(l/sec) 
WUA 
(m2/m) 
Flow 
Range 
(l/sec) 
WUA 
(m2/m) 
Flow 
Range 
(l/sec) 
WUA 
(m2/m) 
Flow 
Range 
(l/sec) 
WUA 
(m2/m) 
OAHR 
Langvad 65-135 0.83 110-180 0.95 >350 0.13 195-305 0.52 
Tokkerup 100-170 0.67 115-275 0.8 >380 0.32 160-260 0.22 
Ledreborg 65-140 0.28 100-165 0.34 >125 0.28 200-305 0.18 
DAHR 
Langvad 35-65 0.75-0.83 50 - 110 0.67-0.95 180-350 0.09-0.13 130-195 0.43-0.52 
Tokkerup 45-65 0.60-0.67 50-115 0.61–0.8 150-380 0.22-0.32 110-160 0.17 
Ledreborg 40-65 0.26-0.28 35-100 0.25-0.34 55-125 0.19-0.28 140-200 0.13-0.18 
SDHR 
Langvad <35 <0.75 <50 <0.67 <180 <0.09 <130 <0.43 
Tokkerup <45 <0.60 <50 <0.61 <150 <0.22 <110 <0.17 
Ledreborg <40 <0.26 <35 <0.25 <55 <0.19 <140 <0.13 
 
Figure 8.6. Location of Roskilde County water monitoring stations (shown in green) and this 
study’s stream survey sites (shown in red) in the River Kornerup catchment. Note: only the 
central part of the catchment is shown on this map. Photographs of the stream survey sites 
are located in Appendix E. 
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R. Tokkerup Habitat Curves
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Fig 8.7. Habitat curves for the River Langvad, Tokkerup and Ledreborg. The curves show the 
available habitat area given in Weighted Usable Area (WUA) representing the width of 
stream available for a given stream flow.  
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8.4. RHYHABSIM Data Results 
The data results from the RHYHABSIM modelling is presented in the form of Reach 
Habitat Curve (RHC) graphs. Fig. 8.7 shows the curves obtained for the three RYHABSIM 
survey sites, where the weighted useable area (WUA) is plotted against the stream flow. 
WUA is expressed in m2/m and represents the width of stream that is available for that type of 
habitat. For example, in the River Langvad, with a flow of 200 l/sec, the available width of 
stream is 0.8m2 for juvenile brown trout (Fig. 8.7). So if the stream is 3m wide, only 0.8m of 
that width will be suitable habitat for juvenile trout. This can also be interpreted as having an 
available stream bed area for habitat use of 0.8m2 for every m length of stream in that stretch 
(thus the label m2/m). 
These curves were then used to subjectively determine the optimum available habitat range 
(OAHR), degrading available habitat range (DAHR) and the severely degrading available habitat 
range (SDHR).  The OAHR is interpreted to be the peak of the curve, the decline of the curve as 
flows become lower defines the DAHR, and when the curve breaks even steeper, this is defined 
to be the SDHR point. Fig. 8.8 illustrates the interpretation of the habitat curve for the River 
Tokkerup juvenile trout. Table 8.6 contains the results from the interpretation of the graphs 
presented in Fig. 8.7. A full list of the curves, including the WUA presented as a percentage of 
the stream and their interpretation of the OAHR, DAHR and SDHR are provided in Appendix D.  
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Fig. 8.8.  Close up of the R.Tokkerup habitat curve for Lund Brown Trout Juvenile. This 
illustrates how the WUA was used to determine the Optimum Available Habitat Range (OAHR), 
Degrading Available Habitat Range (DAHR), and Severely Degrading Habitat Range (SDHR). 
 
 105 
9.  Analysis and Discussion 
 
This chapter will bring tie together the results from the previous chapter along with the 
theory presented in Chapter 4. Comparisons will be made between the hydrological and 
ecological modelling results, with a discussion on differences between the streams, methods 
used, and what this means with regard to management considerations. The discussion in this 
chapter will, in part, provide the basis for the suggested solutions, which are presented in 
Chapter 10. 
 
9.1 Groundwater and Surface Water Interaction 
 
9.1.1 Discharge into streams 
There is without a doubt that nearly 70 years of groundwater abstraction has had a severe 
impact on the primary aquifer in the system. First of all, the area of the basin has been altered. 
By 1975, the lowering of the potentiometric surface has pushed back the boundary of the 
groundwater basin several kilometres (Fig. 8.3). This was a result of the system adjusting to 
the increased removal of water. The basin was pushed back, increasing its area of recharge to 
accommodate for the abstracted water. By 2003, with the lower abstraction rate over the last 
10 years, the basin began to recover some, with the boundary moving closer to its original 
position. Secondly, the potentiometric surface shape, which governs the direction of 
groundwater flow (which runs perpendicular to the potentiometric contours). The 
groundwater abstraction created two sinkholes and a large plateau around both River Langvad 
and Lavringe. This has created a situation where water has actually started flowing upstream 
towards the wells. Since water from the upland area could no longer pass these areas as it 
originally had, it reduced the upland area that the abstraction sites of Assermølle, Gevninge 
and Kornerup. Particularly Gevninge has, in recent years, had problems with salt water 
intrusion (Roskilde Amt, 1998), which is, at least in part, due to the reduced water flow 
reaching the abstraction site. 
The overall difference in potentiometric surface between 1936 and 2003 ranges from 
approximately 6m in the head of the drainage basin to 12m around the abstraction sites of 
Assermølle, Kornerup and Gevninge. Because of this drawdown of the potentiometric 
surface, there has been a significant decrease in the potential discharge area. In 2003 there 
was only 10% of the potential discharge area that was present in 1937. This is, however, an 
increase from 1975, when there was virtually no potential discharge area.  
The discharge areas are also affected by the location of the abstraction areas. All seven of 
the abstraction areas are located right along the streams. This is where the drawdown (cone of 
depression) will be the greatest, and if the drawdown is highest at these sites, it will have an 
even larger impact on the potential discharge areas along the streams than if the wells were 
placed away from the springs. 
The baseflow of a stream is defined by the discharge from groundwater and wastewater 
treatment plants. With the decrease in potential discharge area from the primary aquifer, this 
will have a direct and possibly severe impact on the baseflow in the streams. The primary 
limestone aquifer is regional of extent and thus has large, long-term storage potential. The 
quaternary sand and gravel deposits in the secondary aquifers are more limited in extent, and 
have a much smaller storage capacity. Therefore, the primary aquifer is less susceptible to 
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short term (seasonal) variations in rainfall than the secondary aquifer, and will supply a more 
stable flow of water to the stream’s baseflow. In years with a wet spring, the secondary 
aquifers will fill up, able to provide a steady supply of water to the streams during the dry 
summer months. However, if the winter and spring is dry, the secondary aquifers are not 
replenished and thus cannot add a continuous flow to the streams during the summer. It is 
likely that this phenomenon can be observed. For example, the R. Langvad had a minimum 
annual flow range of 3 l/sec to 50 l/sec in the period from 1989 – 2002. During the lowest 
flow of 3 l/sec, there was likely no input from the secondary aquifer, with likely the entire 
flow coming from wastewater treatment plants. Without the discharge from the primary 
aquifer providing a stabilizing baseflow, the streams will be more susceptible to extremely 
low discharges. 
 How much the baseflow in the rivers has been reduced from 1936 is unknown. The 
current network of stream monitoring stations was not set up until 1989, and there were no 
stations monitoring stream flow on a continuous basis before groundwater abstraction began. 
The water mills along the River Ledreborg particularly indicate a steady flow of water all year 
round – they would likely not have situated a mill on stream that goes dry during the summer 
and early fall. In the end, this just indicates that there was likely a steady baseflow in the 
streams, but provides no indication of how much.   
 
9.1.2 Management of groundwater abstraction 
The models developed by WaterTech a/s illustrated the advantages of moving the water 
wells. The simulation at Ramsø illustrated that by just situating the abstraction 50-100m 
further away from the stream than the current wells, an increase discharge in the streams of 
between 4 and 6 l/sec would occur (Roskilde Amt, 2003b).  Moving the wells further away 
from the streams and the area for potential groundwater discharge, would likely increase the 
base flow even further. As drawdown is highest right at the abstraction sites, moving these 
sites would create a rise in the potentiometric surface at the streams, increasing the possibility 
for re-initiation of the springs and wetlands along the streams, adding to the baseflow. 
However, even if the wells were moved away from the stream, in the long term one cannot 
abstract more than the water that is being recharged into the system. If more is being taken out 
than recharged, then eventually the entire system will be affected, again drying up the 
potential discharge sources along the streams – a similar effect which was experienced in 
1975, where the even the discharge areas away from the groundwater abstraction sites had 
dried up (particularly in the upper reaches of River Lavringe). 
 
9.2 Ecology and Surface Water Flow  
 
9.2.1 Comparison of Ecological Flow Requirements between Streams 
The ecological flow requirements (EFRs) were measured on three of the tributaries of the 
R. Kornerup using the RHYHABSIM model. These tributaries varied in size and morphology, 
with R. Langvad being the largest, then R. Tokkerup and finally R. Ledreborg in relation to 
catchment size and flow. R. Tokkerup and R. Langvad are both channelised streams, where as 
Ledreborg has more or less retained its natural morphology (at the stream survey site reach). 
With these differences in the streams, it would be expected that there would be differences in 
the EFRs. 
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The size of the stream does create a difference in the EFRs. When one compares the WUA 
(Fig.8.6, Table 8.6), almost across the board R. Langvad has the largest usable stream area, 
followed by R. Tokkerup and then R. Ledreborg. This is expected, since the larger the stream, 
the greater the stream area and thus more potential habitat. However, the one notable 
exception is for the adult brown trout. Here, both R. Tokkerup and R. Ledreborg have over 
twice the WUA as R. Langvad (Fig.8.6, Table 8.6). Adult brown trout prefer deep water 
(Section 4.2.1, figure 4.2.1b) and R. Ledreborg, with its deep pools provides more adult 
habitat area, which both R. Langvad and R. Tokkerup lack. The pools offer adult brown trout 
a place to hide and stay, particularly during low-flow events. This difference in the habitat 
availability for adults is clearly shown by the higher WUA in Ledreborg. 
 The difference in the WUA between R. Tokkerup and R. Langvad is possibly due to 
stream velocity. Even though the two streams have a similar morphology with only limited 
pool development, the average stream velocity in R. Langvad is consistently 25% higher than 
R. Tokkerup for all modelled flows (See Appendix D). The HSCs in relation to velocity 
constructed by Lund (1996) (See Section 4.2.1, Fig.4.6) show as velocities increase over a 
certain level (0.7m/s) are not suitable for adult brown trout, with an optimal range falling 
between 0.2 – 0.4 m/s. Therefore, a greater proportion of the stream in R. Langvad will have 
velocities above 0.7 m/s than in R. Tokkerup, resulting in a lower WUA (0.13 m2/m vs. 0.32 
m2/m in R. Tokkerup). 
The flow ranges for the OAHR, DAHR and SDHR, are determined by the inflection 
points near the peak on the RHC (Section 4.7.1, figure 4.14). In essence, it is the flow needed 
to optimize the usable habitat area in a stream. When comparing all three flow types (OAHR, 
DAHR and SDHR) the flow range ends up being fairly close in all 3 streams. For example, 
the juvenile curves have a SDHR cut-off level of 50, 50 and 35 l/sec for Langvad, Tokkerup 
and Ledreborg respectively (Table 9.1). Again, the one exception to this rule is the adult 
brown trout, where Ledreborg needs a much lower flow than the other two streams (55 l/sec 
to reach the SDHR threshold, as opposed to 180 and 150 l/sec for Langvad and Tokkerup 
respectively). As explained above, this is probably due to the deep pools on the Ledreborg 
reach. 
 
9.2.2. Comparison of Lifestages and Streams in Relation to RHYHABSIM.  
The ecology of brown trout and the various lifestages are fully discussed in Section 4.2, 
but are explained here in direct relation to the 3 streams that were part of the investigation. 
When providing EFRs recommendations for streams using a species such as brown trout as 
your ecological indicator it is imperative that such recommendations are based on different 
lifestages. Different lifestages require different habitat parameters and often meeting the EFRs 
for one lifestage while ignoring the other lifestages requirements will produce non satisfactory 
results. Lifestage should be considered in relation to not only its physical habitat requirements 
but also its behavioural requirements  
(See Section 4.2.1, Fig. 4.5). This can vary between different catchments and even between 
populations in the same catchment, as is the case of River Kornerup catchment. Both R. 
Langvad and R. Tokkerup contain sea-run populations of brown trout. This means that the 
adults only spend around 3 months in the stream before migrating back to the sea and that 
only small resident trout and juveniles remain in the stream for the entire year.  
River Ledreborg is different in that fish blockages prevent the sea-run adult brown trout 
from migrating up to spawning areas where the study site was situated. The reaches above 
these blockages have to rely on resident populations of brown trout to successfully naturally 
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recruit. This means that different management strategies need to be devised in relation to R. 
Ledreborg compared to R. Langvad and R. Tokkerup. For this reason, R. Ledreborg is 
discussed separately from the R. Langvad and R. Tokkerup in the EFRs of the three streams 
in relation to lifestage. 
 
9.2.2.1 River Langvad and River Tokkerup. 
R. Langvad and R. Tokkerup are discussed together as the EFRs for the both streams are 
based on the same lifestages and the same months of the year. When considering EFRs for 
streams such as R. Langvad and R. Tokkerup the life stage of the juvenile is the most 
important as it occurs in the stream for the entire year and if the EFRs are satisfied for 
juveniles it is the inherent assumption that these flows will meet the EFRs of both the fry 
lifestage and resident adult lifestage of the sea-run population of brown trout (Johnson et al. 
1995) (See Appendix D). The adult population EFRs for the sea-run populations of brown 
trout in the two streams only needs to be considered during spawning. If flows are maintained 
at a level that facilitates spawning than the EFRs of the adult lifestages for the sea-run 
population will also be maintained. (Johnson et al., 1995).  
For this analysis the SDHR for both streams in relation to juveniles will be discussed for 
the summer period (May – September), as this is the period when flows reach this critical 
limit and the other ranges (i.e. DAHR and OAHR) are ineffective until flows remain above 
the SDHR point for the entire year. The other important lifestage for these streams, spawning, 
will be discussed for the winter period (November – February) and also mostly discussed in 
terms of SDHR due to the same reasons as above. 
Table 9.1 contains the EFR values that all the methods came up with, and the most 
important values are bolded for easy reading. Figure 9.2 shows the actual flow rates for the 
summer over a 4 year period from 1999 – 2002 for R. Langvad and R. Tokkerup respectively. 
The juvenile EFR ranges SDHR and DAHR are marked and anything above the DAHR line is 
considered to be in the OAHR. Fig. 9.2. contains flow rates for the same 4 years but show the 
flow rates for the winter period with the spawning EFR ranges being marked and also the 
upper limits for the OHAR is marked and anything above this is considered SDHA again. 
Fig. 9.2 shows the flow levels in R. Langvad drops below the SDHR in all years except 
2002, and in 1999 and 2000 stays below this level for at least 3 continuous weeks, and nearly 
2 full months in 2001. In total, 28% of the days between 1999 and 2002 had flows in the 
SDHR and 56% in the DAHR range or lower (Fig. 9.3).  In R. Tokkerup, the flow in all four 
years drops below the SDHR level, and in 2000 and 2001 for at least two continuous months 
(Fig. 9.2). However, the total for R. Tokkerup was worse than Langvad, with 38% of the days 
falling in SDHR range and 75% in the DAHR range or lower (Fig. 9.3). This will have 
devastating consequences for the local brown trout population as low-flow events like this 
occurring for extended months would lead to high mortality rates in juveniles (Elliot et. al., 
1997).  Juveniles are essential for a self-sustaining population of brown trout (Nehring and 
Andersen, 1993) and as both figures show, these flows occur frequently between years. 
Without a number of good years for natural recruitment to increase numbers affected from a 
bad year population decline will be the result (Elliot et al., 1997).  Assuming the EFR limits 
set by the RHYHABSIM model are accurate, which is likely (Fjorback et al., 2002), then it 
could be concluded that the low flows occurring in both R. Langvad and R. Tokkerup could 
be a significant factor why low levels of natural recruitment of brown trout is occurring in 
both streams and why there is not a self sustaining brown trout population. 
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Figure 9.2. Summer stream flow in R. Langvad and R. Tokkerup for the years 1999-2002.  
The SDHR and DAHR limits represent the boundaries for Lund juvenile brown trout (Table 
8.6). Below the SDHR Limit represents the flows within the SDHR, and above the DAHR 
Limit is the OAHR. 
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Figure 9.3. Flow frequency chart for Rivers Langvad and Tokkerup. The Y-axis represents 
the percentage of days that the stream flow is less than the correlating flow. For example, on 
R. Langvad 28% of the time the flow is less than 50 l/sec. The SDHR, DAHR and OAHR areas 
are the figures from the Lund juvenile brown trout habitat curve (Table 8.6). 
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When considering the spawning requirements of both streams and comparing Fig. 9.4, it 
can be seen that the flows are highly variable during the spawning period both in month and 
year. This high variation is probably due to the way in which both the riparian areas and the 
stream channels have been modified as a result of earlier management (Brookes, 1987). 
Along both reaches of stream the riparian zone has been largely removed. The fields have 
been designed in a way that runoff is directed directly to the streams and the streams have 
been channelised so that the water is removed very fast downstream and away from the field 
areas. This would aid in the variability experienced in these streams during the winter 
spawning period, with all runoff entering the stream very quickly and causing the flows to 
rapidly rise and then when the runoff has ceased entering the streams, the flows would 
decrease, possibly quite rapidly, causing the large variation in flows experienced during this 
period. This phenomenon is occurring in both these streams and resulting in the excessively 
high flows often being above the OAHR limit as proposed by the RHYHABSIM model. 
 A flow in one out of the 4 years (1999 – 2000) has also fallen below the SDHR for both 
rivers. This variability in flows could easily lead to disruption in the spawning activity of the 
brown trout and lead to a decrease in overall spawning activity. This could result in less eggs 
being deposited and therefore less fry emerging and the end result being less natural 
recruitment (Crisp,1989). Eggs that are successfully deposited could be washed away and 
perish when the streambed scours and moves from high velocity flows (Hestagon, 1990). As  
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Figure 9.4. Winter stream flow in R. Langvad and R. Tokkerup for the years 1999-2002.  The 
SDHR and DAHR limits represent the boundaries for Lund spawning brown trout (Table 8.6). 
Below the SDHR Limit represents the flows within the SDHR, and above the DAHR Limit is 
the OAHR. Above the OAHR Limit, the available habitat for spawning decreases again into 
the DAHR range.  
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in the case of the juveniles these fluctuating flows at this critical lifestage could also be a 
possible cause to why the streams are unable to support a healthy self supporting trout 
population.      
When comparing the habitat curves with the summer flows between the years of 1999-
2002, one needs to be sure that the years are representative – it would not be appropriate to 
model them off of extreme events. In this case, the monthly precipitation values were both 
above and below the normal values for any given year (Fig. 9.5, Cappelen, 2003). There were 
no extremely dry periods in any of these four years, and thus, the graphs above are considered 
to be representative of normal years of streamflow. 
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Figure 9.5. Graph of the monthly precipitation totals for the summer months of 1999-2002. 
(Modified from Cappelin, 2003). 
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Figure 9.6. Summer flows for the River Ledreborg. The DAHR and SDHR limits were derived 
from the DMU brown trout adult habitat curve. 
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9.2.2.2 River Ledreborg 
The changes in stream flow along River Ledreborg make it impossible to evaluate 
accurately how the stream is living up to the standards where the RYHABSIM stream survey 
was conducted. In Section 5.2, it was explained that the River Ledreborg becomes is a losing 
stream at both the Hule Mølle and Lillebro stream flow monitoring stations, where as in-
between the two, the stream is isolated from the groundwater aquifers by the relatively 
impermeable morainal clays which underlie the stream (Fig. 5.4). At the project’s stream 
survey station there is always water, fed by a continually flowing artificial spring just below 
Hule Mølle monitoring station (Fig. E.7 in Appendix E). By the time the stream reaches the 
Lillebro flow monitoring station, the stream has begun to lose water to the groundwater 
system. Therefore there will be higher flows above stream, particularly during dry periods 
when the stream is at its baseflow. 
Without a permanent monitoring station in-between, it is impossible to determine what the 
absolute flow difference between the Lillebro station and at the stream survey site. However, 
the Section of stream between Ledreborg castle (approx. 500m upstream of Lillebro) and the 
artificial spring contains a self-sustaining population of resident trout. This would suggest that 
at times of lowest flow, the flow is substantially greater than the 4 l/sec measured at Lillebro 
in 2001 (Fig. 9.6).  
In fact, at Lillebro in 2001 the flow was extremely low and well into the SDHR range site 
(Fig. 9.6). It would have been expected that all adult trout would have likely been killed off, 
which was not the case. In addition, the DVFI data, with a class of 6 and 7 (the highest) for 
the invertebrate population, also suggests a constant flow of water within that Section of 
stream (Fig. 5.5). Above and below these Sections, the DVFI ratings are lower (Fig. 5.5), 
which may be (at least in part) a result of the lower flows. Because of the likely significant 
difference of the flow between the Ledreborg survey site and the Lillebro water monitoring 
station, it is not possible to accurately analyse the habitat curves against the current stream 
setting, and will not be done in this Section. 
For management purposes, the R. Ledreborg needs to be treated different to the other 
rivers as the EFRs for the lifestages are different. As River Ledreborg has to support a self 
sustaining population of resident brown trout the adult lifestage must be considered for the 
entire year. On the other hand, the brown trout in R. Langvad and R. Tokkerup can migrate to 
the sea, returning for spawning. Adults need to survive all year in R. Ledreborg and more 
importantly they need to be in healthy enough condition so that they can produce eggs and 
spawn. If the flow rates are maintained to support the adult lifestage, then the juvenile 
lifestage will also be protected (Nehring and Andersen 1992). 
 
9.2.3 Comparison between Ecological Methods 
Three ecological modelling methods commonly used to set flow standards for the streams 
were applied in this investigation. The Tennant and MMM are so called “rule of thumb” 
methods (Section 4.12, 7.3.1) that are easily applied to an area, but a generalization – they 
both are calculated from the historical flows of the rivers. RHYHABSIM (Section 4.12, 
7.4.1), on the other hand, is a proactive model incorporating ecological data with a dynamic 
hydrologic model on the response of a stream to changing flow conditions. Since the flows 
are calculated in different ways, it is expected that different results will occur. 
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9.2.3.1 Tennant method compared to the Median Minimum Disharge method (MMM)  
Table 9.1 shows the results of all three methods. When the Tennant and the MMM are 
compared, the results appear to be fairly compatible. The value for median minimum 
represents the minimum flow required for the survival of the biota. This cut-off is presumed 
to be the same as the critical boundary on the Tennant method. For River Langvad and 
Ledreborg, the figures are both within 4 l/sec of each other (Table 9.1). However, on River 
Tokkerup, there is a difference with the Tennant method coming up twice as much as the 
MMM. This would suggest that River Tokkerup has a relatively higher average annual flow 
with respect to basin size than the other two streams.  
 
9.2.3.2 RHYHABSIM method compared to the Tennant Method 
The RHYHABSIM method, compared to the Tennant method, shows a higher EFR (Table 
9.1). For the comparison, it is assumed that the boundary between the SDHR and the DAHR 
in the RHYHABSIM method is equivalent to the critical and the fair boundary on the Tennant 
method and anything below the DAHR is equivalent to the MMM value. As the terminology 
between the two methods is not the same, this relationship must be assumed in order to make 
a comparison between the methods. 
  The comparison between the methods depends on which life stage of the trout is being 
modelled. Only the RHYHABSIM model has the ability to model for different lifestages. 
Regardless of life stage, the flows calculated from the RHYHABSIM model were, in nearly 
every case, higher than both the Tennant and MMM figures. 
 In the case of juvenile trout, (the lifestage that was chosen for R. Langvad and R. 
Tokkerup to represent what EFRs should be attained in order to provide enough habitat area 
for a healthy self sustaining population) the Tennant method states that in the summer months 
the critical flow for should not drop below 36 l/sec and 29 l/sec respectively for both rivers. 
The RHYHABSIM model for the SDHAP states that levels should not drop below 50 l/sec for 
both rivers. This is a difference of 14 l/sec for R. Langvad and 21 l/sec for R. Tokkerup. This 
amount of flow can make a big difference to the habitat area within a small stream (described 
in Section 4.3) and this critical point is extremely important to the brown trout population 
because if it is set too low the habitat area will be severely degraded and the population will 
be negatively affected to the point that the local population could go extinct.  If the EFR is 
more accurate from RHYHABSIM than the Tennant method, but the Tennant method was 
used to set the limits, than available habitat area for the population would be severely 
degraded. 
 When comparing the flow ranges of the other values such as fair against DAHR or good 
to optimal against OAHR, the flow differences are much less at least for the summer values.  
For spawning the values are much lower for the Tennant method and not until looking at the 
good to optimum levels in the Tennant do you get to values, what the RHYHABSIM model 
has stated as the SDHR. As with the summer flows, depending on which method you chose to 
set your limits the population, could be severely negatively impacted if you chose to use the 
Tennant method when the true EFRs were closer to that recommended by the RHYHABSIM 
model. 
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9.2.3.3 RHYHABSIM method compared to Median Minimum Method (MMM)      
The results are similar to that of comparing the Tennant method against the results from 
the RHYHABSIM model except in many cases the difference is even greater.  R. Tokkerup is 
used as an example in this Section but it should be noted that it is similar for the two other 
streams to that which is presented for R. Tokkerup. For R. Tokkerup the MMM gives a 
critical limit of 15 l/s, which according to the definition of the method, should provide enough 
habitat for a healthy self sustaining population of brown trout to survive. This is 30 l/s less 
than the SDHAP (50 l/s) set by RHYHABSIM for the juvenile lifestage. However, 
RHYHABSIM states that for an OHAR to be present that could sustain a healthy self-
sustaining population of brown trout there must be at least 115 l/s for R. Tokkerup. The 
difference between the methods is then 100 l/s. Even small differences of over 5 l/s can make 
a difference to the WUA of a stream. But in this case, the difference is nearly 8-fold for a 
health population (OAHR), and 3-fold for the bare minimum (DAHR). This difference 
strongly suggests that with the MMM flows, there would likely not be enough habitat 
available at those flows to assure the survival of any lifestage of brown trout.  
 
9.2.3.4. Weaknesses of Tennant and MMM. 
One of the weaknesses of both the Tennant and MMM is they do not differentiate between 
the lifestages of the trout. RHYHABSIM, on the other hand allows for this distinction. This is 
very important when one is considering stream flow management. Roskilde County has 
different designations/goals for different streams, or even different reaches of streams. In the 
River Langvad alone, the stream has both the designation of trout habitat and trout spawning 
habitat (Fig. 5.5). Therefore setting the flow objectives for spawning streams, one should take 
into account the lifestage for that particular Section of stream – something that neither the 
Tennant or the MMM can do. Firstly, the spawning flows should be addressed for the period 
between Nov. 1 and Feb. 28 – when the brown trout spawn (Figure 9.2. Secondly, since the 
fry and juveniles do not move far from the spawning grounds, juvenile curves should also be 
applied, particularly in the summer when the flows tend to be at their lowest. 
 The MMM only provides the one figure, and thus inflexible when considering the stream 
objectives and life stages of the trout. The method uses the assumption that anything above 
the figure provided (e.g. 40 l/s for R. Langvad, Table 9.1) is healthy for the entire stream 
ecosystem in general and anything below is degrading. This is not a reasonable assumption 
when dealing with aquatic biota as there is usually a range where flows are either optimal or 
degrading to available habitat.  RHYHABSIM provides the researcher with a range of flows 
which can be set from the Reach Habitat Curves (RHCs). Unlike a single flow point that the 
MMM provides, RHCs allow flexibility when researchers or managers are negotiating EFRs 
and also are more representative of the natural conditions that a brown trout would 
experience. 
Another big disadvantage of both the Tennant and MMM when being applied to Denmark 
is that one of the overriding assumptions of the methods is that they are based off historic 
flow data before the flow regimes have been altered. Historic flow data in Denmark before the 
flow regimes were altered does not exist for most streams including the River Kornerup 
Catchment. Therefore when setting the EFRs using either of these methods, one of the 
important assumptions – that the flows analysed represent the natural flow regime – is being 
violated. The results that are obtained from using either one of these methods on a catchment 
such as Kornerup would therefore be inaccurate, and difficult to use in negotiating terms. In 
using the MMM, Roskilde county corrected for this by using the 0.5 l/sec/km2 of upland area 
based off of another sinuous stream (R. Elversdam) (Roskilde Amt, 1992, Jacobsen et al., 
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1995), but as described above these values were much lower than those shown by the 
RHYHABSIM model. 
Another problem with such the above methods is that they rarely consider the duration of 
flow events such as high flows (e.g. floods) or low-flow events (e.g. droughts) or flow 
variation. Habitat methods such as RHYHABSIM have the ability to incorporate these flow 
regime variables such as seasonal, low-flow events, high flow frequency and seasonal 
variation. Seasonal requirements can be predicted using habitat requirements for different life 
stages (fry – juvenile – adult) and activities (e.g. spawning). High and low-flow events can be 
simulated from either knowledge of the natural flow regime or knowledge of biological 
requirements (Stalnaker 1995).  
 
9.2.3.4 Weaknesses of the RHYHABSIM Model 
The most arguable and most criticised components of habitat models such as 
RHYHABSIM is the use of HSCs. There is nearly always conjecture when trying to add 
biological components into physical habitat models (Mathur et al., 1985, Orth and Maughen, 
1982). Depending on which set of HSCs are used the results can be very different (Fig. 9.7). 
Figure 9.7 highlights the importance of using HSCs that have been devised for the particular 
area in which you are working in. In a country such as the USA this may mean creating 
several sets of curves depending on which area the research is being conducted in. In a 
country such as Denmark one set of curves developed specifically for the region would 
probably be sufficient to use in any area of Denmark where the model was being applied. If 
the researcher applying the RHYHABSIM model to an area uses the Bovee RHC, then 300 l/s 
of flow would be needed to maintain the area in the OAHR, whereas, if the researcher was to 
use the Lund RHC then only 125 l/s would be needed. This is a difference of 185 l/s and in 
management terms this is a lot of water, particularly when flows are often below 20 l/sec. 
Another more general critique that has been rasied by Orth (1987) criticised models such 
as RHYHABSIM because they were perceived as not incorporating all the six primary factors 
affecting river ecosystems (Fig. 4.1). He concluded that models such as PHABSIM and 
RHYHABSIM were incremental in the sense that they predicted changes in habitat resulting 
from changes in flow, but they only focused on a few variables affecting localised fish 
behaviour and ignored the dynamics of habitat through time. Also the use of this type of 
model alone ignored many other biotic factors such as inter and intra-specific interactions. 
However, he also concluded that IFIM and its associated models (e.g. RHYHABSIM) ‘were 
not intended to be a panacea’ and that by using these models as part of a complete 
environmental management plan such as IFIM then the consideration of other ecological 
variables could be considered and incorporated if necessary. It was also recognised that no 
other methods were effective at incorporating all the six factors and that habitat methods were 
probably the most effective 
 
9.2.3.5 Different Methods compared to actual low flows recorded in different streams 
Which ever method the management authorities were to chose, the streamflow in all three 
streams is well below any of the methods (Table 9.1). After thorough investigation of all the 
methods, it is the author’s view that the RHYHABSIM model would be the most accurate 
when predicting EFRs for the 3 streams under investigation and will also provide the most 
flexibility when negotiating between the stakeholders is taking place to determine appropriate 
EFRs. Studies (Jowett 1982; Clausen et al., 2004; Moss, 2001) have shown RHYHABSIM to  
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Figure 9.7  Two habitat curves developed for the R. Ledreborg adult brown trout. The HSCs 
used to produce the Bovee RHC were developed in the USA. The HSCs used to produce the 
DMU RHC were developed by DMU for Danish conditions.  
 
be successful in predicting EFRs for improving and maintaining healthy self sustainable 
populations of brown trout. 
For the years from 1999 -2002, if the actual stream flows are then compared to the EFRs 
recommended using the RHYHABSIM model all the minimum flows experienced in all three 
streams are situated in the SDHR and situated very close to the bottom of this range. Low-
flow events close to these streamflow values could be experienced in severe droughts but if 
the baseflow levels were something near their natural state it is theorised that they would not 
go this low even in severe droughts. Another big difference is severe droughts occur at much 
wider intervals (e.g. every 20 years) than what the streams are experiencing now. The time 
between the severe low-flow events allows the population to recover so that it is able to 
incorporate such events into its natural lifecycle and allow local populations to recover. 
 
9.3 Summary and Concluding Remarks 
The following points provide a brief summary of the points discussed in the analysis area. 
These points have specific relevance to groundwater abstraction management decisions. 
• Groundwater abstraction has severely impacted the potentiometric surface of the primary 
groundwater aquifer, particularly along the streams. This has resulted in a 90% decrease 
in the potential discharge area from 1936, before groundwater abstraction began. 
Recovery of the potential discharge area would allow more water to reach the streams 
all year, providing an increased base flow. 
• Moving abstraction wells away from the streams where they currently are located would 
result in a recover of some of the potential discharge area, and raise the baseflow within 
the streams. 
• The three ecological model methods tested, the Tennant, median minimum discharge 
method, and RHYHABSIM, provided differing stream discharges required in order to 
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maintain a health stream ecosystem. The Tennant and the MMM stream flows were 
much lower than the flows of RHYHABSIM. 
• Neither the Tennant nor the MMM incorporate biological parameters directly within their 
calculations – they are based purely on the stream hydrology. RHYHABSIM does 
incorporate biological conditions into its model. In addition, it can incorporate different 
life stages within its flow analysis. This makes the model more flexible and applicable 
to the local stream habitat, when the proper information is used, and is the 
recommended method to set EFRs for the R. Kornerup Catchment.  
• RHYHABSIM is able to provide a range of flows and is more flexible in its use in 
negotiations between the different stakeholders. These ranges are probably more 
appropriate to ‘real life’ conditions in the streams because of the diversity and flexibility 
species are able to show. Therefore there is probably no cut off point or single minimum 
flow point that will best suit a species as presented by the MMM. 
• The streams are currently underperforming, as calculated for the years 1999-2002. The 
lowest flows fall below 10 l/sec, and are in the SDHR for extended periods of time in 
both R. Langvad and Tokkerup – weeks, and even up to two months in some cases. 
Therefore, more water – at least 50 l/sec – needs to be in the streams in order to protect 
the brown trout habitat specifically, and the stream ecosystem in general. 
• Which ever method is decided upon to be the most desirable of the three investigated for 
this study, none of them take into account all the six major factors influencing stream 
ecosystems such as biotic interactions (e.g. composition, predation) (See figure 4.1) or 
are fully able to predict the interaction between all the 6 factors. Therefore it is 
necessary to be conservative in their reliance and allow error factors into the predictions. 
• Due mainly to the reason above any type of strategies implemented to help preserve, or 
upgrade and then maintain the ecological integrity of aquatic ecosystems must be 
continually monitored to allow for corrections due to the knowledge gap within this 
field.   
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10.  Groundwater and Stream Flow Management Solutions 
 
The ecological modelling has provided a minimum value for stream flow before the 
habitat for trout becomes severely degrading. Getting the baseflow of the streams above this 
level is one step in establishing a healthy ecosystem in the streams and wetlands – it will 
provide the stream habitat area required. It does not, however, mean that a healthy habitat will 
be achieved, as there are influences other than stream flow that affect the health of an 
ecosystem. 
None of the three rivers (with the possible exception of the River Ledreborg, as described 
in section 9.2.2) are currently meeting the flow requirement – and are even well below them. 
Therefore, in order to get the streams up to a habitat area that will allow them to meet the 
Water Framework Directive’s “good ecological standing” requirement, an alteration of the 
current water management regime will be required. This section will present a number of 
possibilities, which could provide the baseflow into the streams to better reach the OAHR for 
normal years and stay above the SDHR for drought years. In addition to this, this chapter will 
also introduce some additional problems that the streams are facing in addition to stream 
flow. These problems must also be addressed if the streams are to return to a ‘good ecological 
standing’. 
 
10.1. Management Solutions 
A number of management schemes to attempt to increase the base flow in the streams in 
the R. Kornerup catchment have been suggested and considered over the last 25 years (i.e. 
Bondesen et al., 1982; Hovedstadsrådet, 1985). The most obvious solution is to stop 
groundwater abstraction all together. This is not considered a viable scheme, as it essentially 
pushes the problem from one area to another rather than trying to utilise a resource (water) 
sustainably, which is the ultimate objective. One of the solutions recommended in 1985 by the 
Hovedstadsrådet was to reduce groundwater abstraction at Hule Mølle and Ramsø abstraction 
sites. This was in fact done between 1988 and 1994, but has only had a limited effect on the 
baseflow of the streams (Roskilde Amt, 1998 and 1999). Therefore more must be done to 
increase the flow so that the habitat can recover. 
The management schemes presented in this paper are not necessarily unique – in fact most 
are often variations of solutions that have already been recommended. This study will not 
attempt to state and discuss all potential solutions, but rather the ones that are believed to have 
the best possibilities of being utilised by the management authorities. They will be presented 
in terms of what they are, advantages, disadvantages and costs associated. A full 
environmental impact assessment of each scheme has not been conducted. Therefore, these 
water management solutions are only produced as suggestions, and a full evaluation should be 
conducted before one is chosen or implemented. Evaluation criteria will be presented 
regarding what needs to be evaluated for each solution. 
 
10.1.1 Pumping groundwater directly into the stream 
The pumping of groundwater directly into the stream during times of low flows is 
probably the most obvious solution to alleviate the low flows. This was mentioned by 
Bondesen et al. (1982) and recommended by Hovedstadsrådet (1985). In fact, it has already 
been going on since 1937 in R. Ledreborg – likely with some success as the stream has a 
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resident trout population in the section of stream just beneath the artificial spring. This 
method has also been employed in other streams, both in Denmark and abroad (Jacobsen et 
al., 1995, Rasmussen 2004, pers.comm.).   
The execution of the method is quite simple. A groundwater well is drilled next to the 
stream. When the stream falls below the wanted level, then water is pumped up into the 
stream so that the needed flow is achieved. This may require more than one well, depending 
on how much water can be taken from one well. 
Advantages:  
• The stream receives water directly from the well and can be easily regulated to 
provide the wanted flow. There is no question that the needed flow can be 
achieved. 
Disadvantages: 
• This is a “band-aid” solution – it does not solve the problem. 
• The water is being pumped directly from the groundwater reservoir, which will 
provide even more stress on the system. Even though the streams would be 
receiving more water, the additional drawdown from the new wells could have a 
negative impact on the remaining wetlands and potential discharge areas. The 
latter would cause a decrease in the baseflow, dampening the effect of the adding 
of water to the stream. This further reduction could lead to more areas in the 
streams becoming losing areas and therefore the solution would only be effective 
until the next reaching the next losing stream section (e.g. from artificial spring 
near Hule Mølle to Lillebro). 
Associated Costs:  
• Wells would have to be drilled and tested. 
• There will be some management and maintenance costs to run the pumps, check 
and maintain the system. 
 
10.1.2 Moving groundwater wells away from the streams 
This solution involves simply moving the groundwater abstraction sites away from the 
streams and into the higher areas both between the streams and in the headland area. The idea 
behind this is that it will allow a modest recovery in the groundwater potential around the 
streams, while increasing the drawdown away from the streams. This idea was also suggested 
by Bondesen et al. (1982).   
Advantages:  
• The potential discharge areas occur around the streams - the moderate recovery in the 
potentiometric surface could be enough to activate many of these areas, increasing the 
baseflow to the streams and helping the recovery of wetlands along the stream. This 
has been modelled to some extent at Ramsø, where a movement of just 500m from the 
stream would increase the discharge by 4-6 l/sec (Roskilde Amt, 2003b). 
• Moving away from the streams will provide more area in the basin to spread out the 
water abstraction, lessening the impact. 
• The higher drop of groundwater potential away from the streams will induce more 
infiltration into the groundwater due to a greater pressure gradient (Bondesen et al., 
1982). This will reduce the amount of root zone interflow reaching the stream – but 
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this occurs in the winter months when the flows are high, and thus should not affect 
the streams at all. The end result will be a larger discharge to the streams in the 
summer, and lower in the winter (Bondesen et al., 1982). 
Disadvantages: 
• The current abstraction area would have to be abandoned, and a new connection 
infrastructure would have to be developed. 
• Still dependent on the overall water balance in the system. In the long term, if more 
groundwater is being abstracted than what is being recharged, the entire system will be 
affected, no matter where the abstraction is. May have to decrease overall abstraction 
in order to prevent too much long-term drawdown along the streams. But the induced 
groundwater recharge described in the advantages will offset this to some degree. 
• Pumps will have to be used instead of the siphon system currently employed. 
Associated Costs: 
• The drilling of the water wells. However, these costs are off-set to some degree 
because of the fact that the wells are already over 65 years old and in need of repair. In 
fact, all of the wells at Ledreborg have been abandoned because of disrepair, as well as 
some at other sites. The wells will have to be replaced in the near future anyhow, so 
this cost is not as large as it could have been. 
• A new distribution network to get the water to the waterworks will have to be 
developed. 
• There will be pumping costs associated with the new wells (not to mention the actual 
purchasing of the pumps) since pumps will have to be used in the new wells. 
Needed Evaluation: 
• First and foremost, a clearer picture of the water balance and how the abstraction will 
affect the potentiometric surface of the entire system should be developed. This will 
provide a clearer picture on how much can be taken out and where the abstraction sites 
should be situated in order to preserve the potential discharge areas around the 
streams. 
 
10.1.3 Pumping only from the lower basin area 
As discussed in section 8.1.1, the groundwater abstraction sites of Hule Mølle, Lavringe, 
Assermølle and Ramsø are creating a “shadow” in the groundwater basin, decreasing the 
amount of water reaching the lower sites of Gevninge and Kornerup. If the upper sites were 
abandoned, then more primary aquifer water would reach the lower sites, allowing for an 
increased amount of abstraction from this area (Bondesen, et al., 1982). The potentiometric 
surface for the primary aquifer would increase in the upper part of the basin, where as it 
would roughly remain the same in the lower part of the basin. In-between, the gradient would 
increase. 
 
Advantages: 
• An increase in the potentiometric surface in the upper area will greatly increase the 
potential discharge areas in the Rivers Ledreborg, Lavringe and Langvad, thus 
increasing the baseflow for the entire length of the stream. There would also be a 
recovery in a large portion of wetland area. 
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• There is currently a moderate problem of saltwater intrusion at both the Kornerup and 
Gevninge abstraction site. The additional water coming from the upper part of the 
basin will push back the saltwater, resulting in a better groundwater quality. 
• The infrastructure for the delivery of the water to the waterworks is already in place 
and could be used. 
Disadvantages: 
• Will have to shut down a large portion of the overall groundwater abstraction for the 
Lejre waterworks. It will likely not be able to be accommodated for by the drilling of 
new wells at Gevninge and Kornerup, and thus the net abstraction for the area would 
have to be decreased. 
• Because the abstraction is closer to the fjord, there is an increased risk of saltwater 
intrusion. Though the increased water coming from upland, if too much water is 
abstracted should offset this, saltwater intrusion into the wells will occur. 
Associated Costs: 
• New wells will have to be drilled. 
• These wells will have to be connected to the waterworks system. If the transport 
capacity is not greater than the abstraction, then new lines will have to be built. 
Needed Evaluation: 
• A concise water balance would have to be conducted, taking into account the 
movement of the abstraction sites. Careful attention will have to be paid regarding the 
saltwater intrusion in order to come up with an abstraction rate, which will protect 
against a degrading groundwater quality. 
 
10.1.4 Direct reservoir input into the streams 
Both R. Langvad and R. Ledreborg need a baseflow of at least 50 l/sec and for R. 
Ledreborg, needs at least 35 l/s in order to provide the minimum required trout habitat. 
Reservoirs could be developed at the head of each stream, where water will be stored when 
plentiful (during the winter and spring months). Then when the stream flow decreases to 
under 50 l/sec, water will be released directly into the streams bringing the flow over the level 
again. 
This can be done in two ways: develop new reservoirs or increase the depths of current 
lakes (adding water to the lakes in the winter), or drain water directly from the lakes without 
increasing the water level (no water added to the lakes). There are already lakes present in the 
headlands of every stream, and either increasing the lake size or taking water from the lakes 
would be the logical choice. 
The amount of water that would be required can be easily calculated. Taking the River 
Langvad as an example, there is a lake along the stream 1km to the west of Gadstrup (Fig. 
5.2) which could be utilised. Assuming that, in a worst-case scenario, an average of 30 l/sec 
would have to be added to the stream over a 90-day period, this would require an input of a 
total of 233,000m3 (though the actual figure will be much less). The current area of the lake is 
76,000m2.  To reach an additional storage capacity of 233,000m3, the lake would have to be 
raised 1.5m, doubling the area of the lake to approximately 150,000m2 (though actual land 
lost is less because nearby lakes would be incorporated). This would provide the water needed 
to keep the baseflow of the stream above 50 l/sec even during the dry years. 
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The use of this method is being considered by Roskilde County, but it is uncertain 
whether or not this will come to fruition (Rasmussen, 2003, pers. comm.) 
 
Advantages: 
• Provides a stable baseflow to the streams. 
• Can store water up from the winter months when it is plentiful. 
• Do not have to alter the current system of groundwater abstraction and could even 
conceivably increase groundwater abstraction rates.  
Disadvantages: 
• Will lose land with the creation/expansion of the lakes. This may not be acceptable to 
the landowners. 
• Will be altering the habitat around the lakes and streams. 
• Does not provide water to the wetland areas adjacent to the streams – only to the 
streams themselves. 
• Requires management – someone must be constantly monitoring stream flow and be 
ready to open the floodgates should the discharge drop below a certain rates. The 
system does not take care of itself. 
Associated Costs 
• The construction and maintenance of the dam. 
• The purchasing of the land. 
• Administration of the water – manpower and equipment for monitoring and releasing 
of the water. 
Needed Evaluation 
• Need to know exactly where the dams are to be located and how much area is required 
to provide the water needed (calculations must be more complete than what was 
provided above. 
 
10.1.5 Artificial recharge in the primary aquifer 
Cities such as Fresno, California and London, England have used artificial aquifer 
recharge to protect the aquifers from overexploitation (Fetter, 1989; O’Shea, 1994). The 
technique is quite simple: you simply concentrate a large volume of water over a small area 
and allow it to infiltrate into the ground. The result is a “mound” of water that is sitting on top 
of the groundwater table and will slowly dissipate into the aquifer once recharge stops. If 
abstraction wells are near by, then the water will flow towards the wells replenishing the 
water that is being abstracted from the wells. If abstraction is equal to the artificial infiltration 
rate, then the net drawdown on the aquifer is 0. Water quality should not be an issue. The 
water is coming from stream water, which will be purified under natural processes. In 
addition, you can take the water from the lowest part of the aquifer, which will be the oldest 
and cleanest, where the newer water will then replace the water that was abstracted. So as 
long as the stream is protected from pollution, so will the groundwater. 
The artificial groundwater recharge can be done in two different ways. First is direct 
infiltration – that is located in an area where the primary aquifer is unconfined (i.e. just to the 
SW of Hule Mølle) and creates a small reservoir. Fill the reservoir up in the winter time when 
water is plentiful, and let it slowly infiltrate throughout the year. The second alternative is to 
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drill several wells into the primary aquifer and create a reservoir on top. The difference in 
reservoir and groundwater pressure will cause the water to flow into the aquifer. The greater 
the difference (i.e. the lower the groundwater pressure head) the faster the recharge will occur. 
In the Kornerup catchment area, artificial recharge could be done. For example, in the area 
just to the SW of Hule Mølle, the aquifer is unconfined. A small lake could be formed in the 
area to store water during the wintertime, slowly depleting during the summer months. 
Assuming an infiltration rate of 0.000138 m/sec through the sand and gravel units down to the 
water table, as estimated by Roskilde Amt (2003b), an area infiltration area of 250 m2 could 
provide the infiltration of 1 million m3 of water per year. This is 32 l/sec being infiltrated into 
the system. In order to prevent the reservoir from going dry during dry periods, an estimated 
60 day supply of water would be needed. In order to provide this, the reservoir would have to 
have be at least 130m by 130m and 3m deep. Then area under the lake would have to be 
sealed, with the recharge area restricted to 250m2. Thus, with a basin this size, it would be 
possible to artificially recharge 1 million m3 of water gradually throughout the year. 
 
Advantages:  
• Provides a steady supply of recharge to the aquifer, which in turn could be abstracted 
nearby for drinking purposes. 
• If abstraction is equal to the artificial recharge, there would be no net drawdown on 
the aquifer, allowing the potential discharge area to recover and continually add water 
to the baseflow of the river. 
• Simple to build and maintain. 
Disadvantages:  
• Would have to build an artificial lake, further altering the natural environment. 
• If the stream water is polluted, could end up hastening the pollution of the 
groundwater aquifer – the basin would have to be protected. However, streams are 
currently recharging the aquifer anyway, so there would not be much of a change from 
the status quo. 
Associated Costs: 
• A reservoir would have to be built and maintained. As the system should be self 
managed, there should be only minimal operational costs involved. 
• If artificial recharge is to be done via wells, then there will be the costs of drilling the 
wells. 
Needed Evaluation:  
• Potential sites would have to be identified and the aquifer properties, particularly 
hydraulic conductivity, accurately defined. 
 
10.1.6 Secondary sand and gravel aquifers for storage 
The shallower secondary sand and gravel aquifers could be utilised to store water for 
abstraction for drinking (Bondesen, et al., 1982). The idea is to pump water from the springs 
into a secondary aquifer during the winter and spring months when water is plentiful. In 
effect, these aquifers would be artificially recharged. The water would be cleansed through 
natural filtration process, and then abstracted for drinking. The amount of artificial recharge 
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into these aquifers would have to equal the abstraction rate, otherwise run the risk of going 
dry. 
In the River Kornerup catchment, there are opportunities available. The two large sand 
and grave deposits – the Torkildstrup Formation to the west and the Hedelands Formation to 
the north east – would be possibilities. In addition, there are smaller, isolated or semi-isolated 
lenses of sand and gravel, which could be utilised. These could provide a better alternative if 
they are located in a forested (rather than industrial or agricultural) area, where the aquifer can 
be protected. Potential areas include the upper reaches of the River Ledreborg and Tokkerup. 
In addition, as a secondary possibility, these aquifers could also be artificially recharged 
in the spring time in order to activate the secondary discharge areas. It takes time for the water 
to move through the formation, so water that is being recharged in the late winter and spring 
would slowly move through the formation and discharge out of the springs would continue 
throughout the summer. This could provide a steady flow of water to the streams during the 
dry months. 
 
Advantages: 
• Recharging the secondary aquifers for abstraction would provide a steady source of 
water without affecting the baseflow in the streams. The aquifers will have a storage 
capacity that could be utilised. 
• Using the aquifers for springs will provide a steady flow of water to the streams. 
• In both cases, water will be taken advantage of when it is plentiful and in excess. 
• The primary aquifer would not be affected, allowing the potential discharge area for 
the primary aquifer to return to normal, providing a higher baseflow to the streams. 
Disadvantages: 
• If used as drinking water, the secondary aquifers are shallower and more susceptible 
to pollution. 
• With the additional water, springs could be reactivated or new springs could form 
where there were not springs before. This could potentially cause problems for both 
farmers and home owners (i.e. water in basements). 
Associated Costs: 
• An infrastructure to pump the water out of the streams and deliver it to the location 
where it is to be recharged into the aquifer, would have to be developed.  
• Recharge areas would have to be developed. 
• There will be pumping costs associated with getting the water from the streams to the 
recharge areas. 
Needed Evaluation: 
• Would need to identify potential aquifers, and their qualities – size, connection to 
other aquifers, hydraulic conductivity, and distance from the streams. 
• Would need to look carefully at the potential for pollution in the shallower aquifers. 
• Would need to model how the change in the groundwater table will effect springs and 
agricultural land in the area. 
 
 
 
 126 
10.1.6 Concluding remarks on management solutions 
The water management schemes listed here are meant to initiate discussions on how to 
manage groundwater abstraction. They all have their advantages and disadvantages, but at 
least on the surface could all be used to partially or completely solve the stream flow problem. 
Most importantly, one does not necessarily need to rely on one specific solution. In fact they 
may end up being more effective and cost efficient if used in combination with each other. 
For example, in River Ledreborg, direct reservoir input into the stream could be used in 
combination with artificial recharge of the primary aquifer. Water could be held in reservoirs 
both upland and at the artificial discharge area. In the upland area, the natural lakes could be 
deepened to inexpensively provide additional storage capacity. During dry periods, the 
reservoirs upland could release water to help fill up the artificial discharge reservoir so it can 
maintain a constant infiltration rate. This would allow the lower, artificial reservoir to be 
smaller since a minimum flow rate could be guaranteed from the lakes upland. In the end, a 
management plan should be developed for the entire basin, and when working together, a cost 
efficient constellation of solutions to provide the needed water flow could be developed. 
 
10.2 Other environmental problems experienced within the River Kornerup 
Catchment 
As mentioned in various reports from the managing authorities (Helmgaard and 
Rasmussen, 1995) and the investigation by Conallin (2003) there are many different and often 
compounding factors affecting the local brown trout populations situated in the streams within 
the R. Kornerup catchment. The other factors from these two reports that should be 
considered when addressing the management issues for this catchment are described below: 
  Low flows are a significant factor that would be affecting the natural recruitment of the 
local brown trout population.  
Other factors affecting R. Langvad are excessive high flows in the winter shown by the 
model RHYHABSIM. The high flows could be scouring the stream bottom and dislodging the 
brown trout eggs resulting in large numbers of eggs being destroyed. Another major problem 
is that of sedimentation (Conallin, 2003) that is known to be affecting natural recruitment 
levels in both R. Langvad and R. Ledreborg and it would be satisfactory to say that it would 
be also affecting the natural recruitment in R. Tokkerup.  
All streams are suffering the problem of having a homogenous stream bottom with little 
variation in substrate and a total lack of large woody debris that the brown trout use for cover 
and feeding stations, and also their main food sources (EPT species) require a varied substrate 
to be at healthy population levels.  
In all three streams agriculture in some form is having a negative impact on the stream 
morphology and ecology. For both R. Langvad and R. Tokkerup cropping practises could be 
affecting the streams and for R. Ledreborg grazing of stock and Roads which converge at the 
streams would be affecting the stream.  
River Langvad also may be receiving easily degradable organic matter from some of the 
numerous biological wastewater treatment plants situated along the stream. 
R. Ledreborg has a number of fish blockages along it that prevent the natural migration of 
sea-trout to reach their natal spawning grounds. 
For healthy self sustaining populations of brown trout to return to these streams to meet 
the EU WFDs goal of a ‘healthy ecological status’ for all streams by 2015, it is imperative 
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that all these issues are addressed and that they are incorporated into a Integrated Catchment 
Management Strategy (ICMS) for the entire catchment such as the EU WFD states. 
 
10.3 Further Research in the River Kornerup Catchment 
In relation to habitat modelling and in particular the RHYHABSIM model being 
incorporated as a management tool for the managing authorities, further research is needed in 
relation to the HSCs. These are often the most criticised part of these models and as stated in 
section 9.2.3, depending on which HSCs are incorporated into the RHYHABSIM model very 
different RHCs can result giving very different EFR recommendations for the different 
lifestages of brown trout. The HSCs used incorporated into the model for this investigation 
were modified from USA curves (Bovee and Milhous, 1978 ) for Danish conditions (Lund, 
1996). Although these were assumed to be most representative of the Danish conditions it 
could be argued that they do not give a accurate picture of what actual Danish conditions are. 
For the model to become even stronger local HSCs would need to be developed specifically 
for Danish conditions. 
The model also needs to be assessed in its compatibility with what the EU WFD states as 
suitable methods for assessing the ecological health of stream ecosystems. 
It also needs to be tested more thoroughly under Danish conditions and applied to 
different catchments and the results compared to examine if the model could be used at a 
catchment level and not just at an individual stream level or even a reach level. 
The model needs to be tested to find out its compatibility with other models being used so 
as to incorporate other factors that are needed before a full analysis of a stream or catchment 
can be completed.     
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11.  Conclusion 
 
Groundwater abstraction is seen to have a direct impact on the baseflow of the stream in 
the River Kornerup catchment. The reduction of the primary aquifer potentiometric surface 
has caused a 90% reduction in the potential perennial discharge area, which supplies a 
significant part of the baseflow to the streams. In recent years, stream discharge has been 
under 10 l/sec in all of the tributaries, and even under 20 l/sec in the main stream of River 
Kornerup. 
The EU Water Framework Directive states clearly that freshwater ecosystems cannot be 
degraded below a “good ecological status” as a result of the utilisation of water resources – 
including groundwater – unless there is no other alternative and from Chapter 10 it is obvious 
in the case of R. Kornerup Catchment there are alternate solutions. Denmark is required to 
meet this objective by the year 2015, and already has started to pass legislation providing for 
the means to become compliant with the framework directive. In addition to this, there are 
also other pressures to manage the groundwater resources in the River Kornerup basin in 
order to protect its streams and wetlands. The RAMSAR convention calls for the preservation 
and restoration whenever possible of wetlands. The Ramsø bird protection site along the 
River Langvad also requires the preservation of the wetland bird habitat. Furthermore, in the 
last year there have been discussions of establishing a national park in the Roskilde Fjord 
area. A significant part of the River Kornerup catchment will be part of this park should it be 
established. All of these reasons call for a management of the groundwater resources in order 
to restore and protect the natural ecosystem. The fact that the current water rights for the area 
expire in 2010 provides the opportunity to administer them in a way that protects the 
ecosystem. 
There has been a long history of groundwater abstraction in the River Kornerup catchment 
– since 1937. Though the problem of low base flows in the streams was recognised, nothing 
was done to fix the problem until the last 20 years. There has been some reduction in the 
groundwater abstraction in the area, but it has had little effect. Copenhagen Energy in the last 
two years has applied to the county to re-establish abstraction in broken down wells, as well 
as abstract more water. However, these requests have not been approved, and are pending 
review on the effect that it might have on the stream baseflow. Thus, the problem is being 
addressed today, and the actors are ready for comprehensive management solutions. 
Roskilde County sets its stream ecological objectives using brown trout as its ecological 
indicator, in part because they are a species sensitive to changes in its habitat. No previous 
study had incorporated ecological and physical habitat information for the brown trout, which 
could provide the information on how much water is needed to provide the minimal and 
optimal habitat for brown trout. Only rule of thumb methods, such as the median minimum 
method have been used. These methods only provide an estimation, and are not based on the 
areas ecological conditions. The RHYHABSIM model was able to provide this data. The 
minimum flow required in the streams (the upper boundary of the severely degrading habitat 
range) to protect the juvenile trout during dry periods was 50 l/sec in R. Langvad and R. 
Tokkerup and 35 l/sec in R. Ledreborg. To provide enough available habitat area for resident 
adult brown trout habitat to survive in R. Ledreborg a minimum of 55 l/s is needed. This is the 
absolute minimum amount of water required to provide the habitat needed for the brown 
trout. Ideally the flows would be up in the OAHR, which are over 100 l/s for all three streams. 
The streams are underperforming in meeting the requirement. Even over the last four 
years, after groundwater abstraction was reduced, the baseflow for all of the River Kornerup 
tributaries has been measured below 10 l/sec – a full 80% less than the minimum habitat 
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required. All streams have had extended periods in nearly every year in the severely 
degrading habitat range (SDHR) for up to two months. This would be resulting in a severe 
reduction in the number of juvenile trout that survive the low flow period – if any survive at 
all and therefore affecting the natural recruitment rates of the entire population. Therefore the 
stream flow must be increased so that the streams do not go below the SDHR in any months 
of any year and should except for extremely dry years such as a drought stay up in the 
Optimal Area Habitat Range (OAHR). 
There are a number of management schemes that could be applied to provide these flows 
without significantly reducing the amount of groundwater abstraction in the area. These 
include moving the location of the abstraction wells (either away from the steams or into the 
lower part of the catchment), storing water in lakes which could be released directly into the 
streams when the stream falls below this limit, and artificially recharging the groundwater 
aquifer during periods of high flow when there is plenty of water, so it can be stored for use 
during the dry periods in the summer. These solutions do not need to be used singularly, but 
could be employed together to provide the best management strategy at the best cost possible. 
These solutions are technically possible, and the problem of low flows can be alleviated 
without significant, if any, reduction in the groundwater abstraction in the area. However, 
alleviating the problem of low flows does not necessarily mean that the local brown trout will 
come back and the streams will achieve a “good ecological condition”. Rather it means that 
there will be enough habitat present so that it is not a limiting factor in the survival of the 
brown trout. Other problems must also be addressed, such as sedimentation, predation, and 
pollution. Therefore, this problem must be viewed and managed on a more holistic scale – the 
entire ecosystem must be considered. Solving one part of the problem such as low flows is a 
step in the right direction, but if the other problems restricting the survival of brown trout in 
the streams are not addressed, the efforts will be wasted. Management of complex situations 
where many stakeholders are involved as well as many ecological interactions, involves an 
interdisciplinary approach to come up with workable solutions and this approach should form 
the basis of all Integrated Catchment Management Strategies.      
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Appendix A. Glossary 
 
All the glossary terms were taken from the following authors: Armantrout, 1998., Begon et 
al., 1990., Fetter, 1998., and Poff et al., 2002., They are all cited in the reference section.  
 
General Glossary terms 
 
Adult: when species reaches sexual maturity. 
Anadromous: A life history stage of fishes, which includes migration between freshwater and 
saltwater, in which reproduction and egg deposition occurs in freshwater while rearing to the adult 
stage occurs in the ocean. 
Anthropogenic: Material created or modified by humans e.g. anthropogenic sediment in a stream. 
Aquatic ecosystem: Any body of water, including lakes, reservoirs, streams, springs, or estuaries with 
associated living organisms and all nonliving components that function as a natural system. 
Aquifer: Rocks or sediments which is saturated and sufficiently permeable to transmit economic 
quantities of water to wells and springs (Fetter, 1988). 
Artesian: The situation where groundwater will rise above the land surface when a well is drilled. In 
this case, the groundwater potentiometric surface is higher than ground surface. 
Baseflow: The part of stream discharge from groundwater seeping directly into the stream, slow 
release of water from wetlands and springs, and from treated wastewater. 
Brown trout (Salmo trutta):  A freshwater fish that is typically smaller than the related salmon and 
has a speckled body, small scales, and soft fins. Genus: Salmo. Is native to much of Nothern 
Europe and is valued both environmentally (ecological indicator), economically (food and 
recreation) and politically (objective setting) 
Catchment: Total land area, measured in a horizontal plane, enclosed by a topographic divide, from 
which direct surface runoff from precipitation normally drains by gravity into a wetland, lake, or 
river. Also referred to as a drainage area, watershed, and basin. 
Channelisation: When a natural river or stream is altered by straightening and widening.  
Condition (Stream): Relating to the state that a stream is in relation to quality.  
Emergence: (fish) Departure of alevins from the incubation gravel into the water column 
EPT: Species of macroinvertebrates belonging to any one of the Ephemeroptera (Mayfly), Plecotera 
(Stonefly), and Trichoptera (Caddisfly) families. This group is the preferred and main food supply 
for brown trout and a reduction in this food source can have severe negative impacts on brown 
trout populations. They are also often used as an ecological indicator due to their sensitivity to 
environmental change. 
Fry: (also, alevins, sac fry or yolk-sac fry) Larval salmonid that has hatched but has not fully absorbed 
its yolk sac, and generally has not yet emerged from the spawning gravel. Absorption of the yolk 
sac, the alevins initial energy source, occurs as the larva develops its mouth, digestive tract, and 
excretory organs and otherwise prepares to feed on natural prey. 
Evapotranspiration: The sum of evaporation of water into the atmosphere, and transpiration, where 
plants extract and process water during photosynthesis. 
Groundwater: The water contained in interconnected pore spaces located below the water table. It is 
often the source of a constant and reliable baseflow to headwater streams. 
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Headwater stream: Stream that has few or no tributaries, and has steep, incised channels that are 
often associated with active erosion, seeps, and springs. Headwater streams are referred to as first 
order streams. 
Homogenous substrate: Refers to a bottom of a stream that has a uniform substrate throughout. 
Usually occurs in streams that have had their substrate modified (e.g. sand intrusion) or the 
substrate has been removed.  
Hydraulic head: The total amount of pressure within a groundwater aquifer. This is the sum of the 
vertical and horizontal forces acting upon on specific area. The hydraulic head can be measured by 
how far water will rise in an enclosed surface. The potentiometric surface represents the hydraulic 
head. 
Hydrological conductivity: The rate at which water can move through a permeable medium, such as 
soils, sediments, and porous and/or fractured rocks. 
Incremental (Method): The process of developing an instream flow policy that incorporates multiple 
or variable rules to establish, through negotiation flow-window requirements or guidelines to meet 
the needs of an aquatic ecosystem, given water supply or other constraints. 
Integrated Catchment Management Strategy: A management plan that incorporates many factors 
from within a catchment, to come up with possible solutions, to any problems that are facing the 
catchment. 
Integrity (Biological and Ecological): The ability to support and maintain a balanced, integrated, 
adaptive community of organisms having a species composition, diversity, and functional 
organisation comparable to that of natural habitat of the region. 
Inter-annual: Over different years 
Intra-annual: Within the same year 
Interspecific Competition: Competition between individuals of different species 
Intraspecific Competition: Competition between individuals of the same species. 
Juvenile: Young of a species. Lifestage succeeding ‘fry’ lifestage. For brown trout in Denmark it 
occurs after three months from emergence 3 months up to 2 years. 
Lifestage: An arbitrary age classification of organisms into a category related to body morphology 
and reproductive potential.  For brown trout: Egg – Fry – Juvenile – smolt – Adult – spawning. 
Limestone: A type of rock typically formed in shallow seas and composed of calcium carbonate 
minerals, and commonly contains fossils. Limestone has a varying nature, anywhere from hard 
and brittle to soft and “rotten”, and can have a varying degree of pore spaces. 
Macrohabitat: Abiotic habitat conditions in a segment of river controlling longitudial distribution of 
aquatic organisms, usually describing channel morphology, flow, chemical  properties or other 
characteristics (e.g. temperature) with respect to suitability for use by organisms. 
Mesohabitat: Habitat types intermediate between micro- and macro-habitat (often characterised by 
pools, riffles and runs) that tend to behave similarly in response to discharge fluctuations.  
Microhabitat: Small localized areas within a broader habitat type for specific purpose of events, 
typically described by a combination of depth, velocity, substrate material, or cover. 
Minimum Flow: (1) The lowest flow recorded over a specified period of time. (2)The lowest stream 
flow required to protect some specified aquatic function; established by some agreement or rule.  
Moraine: A type of sedimentary unit deposited on the edge of glaciers, typically left as the glaciers 
recede. The units contain a wide scale unsorted of sediments, ranging from boulder to clay size 
particles. These units are generally rich in clay and have poor hydrological conductivity. 
Morphology: The form and structure of an ecosystem, one of its physical components or an organism. 
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Lifecycle: The sequence of stages through which an organism passes in development from zygote to 
the production of progeny zygotes. 
Natural recruitment: The stage at where a juvenile has survived long enough to become part of (i.e. 
recruited into) a population or an exploitable segment of a population. 
Organic matter (OM): Particles that are of biological origin. If OM is from wastewater treatment 
plants it is easily broken down by the stream microorganisms and can become a problem because 
of oxygen consumption. 
Polymorphic: The existence within a species or population of different forms of individuals, beyond 
those that are the result simply of recurrent mutation 
Pool: Aquatic habitat in a stream with a gradient less than 1% that is normally deeper and wider than 
aquatic habitats immediately above and below. Adult brown trout prefer pools and they are 
valuable as refuges for all lifestages in low-flow events. 
Potentiometric Surface: A surface that represents the level to which water will rise in tightly cased 
wells within a specific groundwater aquifer. The water table is a particular potentiometric surface 
for unconfined aquifers 
Pressure Head: The horizontal forces acting upon water within an aquifer. The pressure head is 
represented by the height that water will rise in a well. 
Resident: (fish) A fish (e.g. many salmonids) who lives permanently or for a considerable period in 
their natal stream without migrating to the sea or a large lake. 
Riffle: Shallow reaches with low subcritical flow (1-4% gradient) in alluvial channels of finer 
particles that are unstable, characterised by small hydraulic jumps over rough bed material, 
causing small ripples, waves and eddies, without breaking the surface tension. Stable riffles are 
important in maintaining the water level in the pool immediately upstream of the riffle. 
Riparian zone: (1) Banks on water bodies where sufficient soil moisture supports the growth of mesic 
vegetation that requires a moderate amount of moisture. Also referred to as riparian management 
area, or riparian habitat (Riparian area) (2) Of, pertaining to, situated or dwelling on the margin of 
a river or other water body. 
Reach: (1) Any specified length of stream. (2) Relatively homogenous stretch of stream having a 
repetitious sequence of physical characteristics and habitat types. 
Restoration: (Rehabilitation) Re-establishment of pre-disturbance riparian or stream functions and 
related biological, chemical and physical processes in an ecosystem (2) Action taken to return a 
habitat, an ecosystem, or a community to its original condition after damage resulting from a 
natural or an anthropogenic perturbation. 
Root Zone: The zone from the land surface to the depth penetrated by plant roots. This is also 
typically the weathered zone. 
Run: Swiftly flowing stream reach with a gradient greater than 4%, little to no surface agitation, 
waves, or turbulence, no major flow obstructions, approximate uniform flow, substrates of 
variable particle size, and water surface slope roughly parallel to the overall stream gradient 
(Preferred habitat along with riffles of fry and juvenile lifestages of brown trout). 
Sea-run: See anadromous.   
Salmonids: Fish of the family Salmonidae, including salmon, trout, chars, whitefish, ciscoes, and 
grayling. In general usage, the term most often refers to salmon, trout, and chars.  
Sedimentation:  (1) Action or process of forming and depositing sediments. (2) Deposition of 
suspended matter by gravity when water velocity cannot transport the bed load. Sedimentation 
becomes a big problem in streams when exacerbated by human induced changes to the stream and 
its riparian zone. 
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Sinuous stream: A natural meandering stream, usually unmodified with a series of curves bends and 
turns. 
Smoltification: The stage when juvenile salmonids change and begin to migrate out of their natal 
streams to the sea or estuary. In Denmark this is between 1 and 2 years after emergence Note: 
resident trout never smoltify but retain their juvenile patterning.  
Spawning: to produce and deposit eggs. In Denmark it is part of the brown trout’s lifecycle to migrate 
from the sea back up its natal stream and deposit eggs.  
Streamflow: (1) Movement of water and other mobile substances from one location to another. (2) 
Volume of water passing a given point per unit of time. Synonymous with ‘discharge’. 
Stream Attributes: The substrate composition of the streambed and also includes woody debris or 
vegetation in and on the banks of the stream. 
Stream velocity: Speed at which water travels downstream. More specifically, the time rate of motion 
calculated as the distance travelled divided by the time required to travel that distance and 
expressed as cm/s, m/s, or ft/s. 
 
Flow Regime Specific Terms. 
Derived solely from Poff et al., (2002), Explanation of the ‘Flow Regime’ terms given in the diagram 
4.1. 
 
Discharge (streamflow, flow or flow rate): Is always expressed in dimensions of volume per time. 
However, a great variety of units are used to describe flow, depending on custom and purpose of 
characterisation: Flows can be expressed in near instantaneous terms (e.g. m3/s and m/s) or over 
long time intervals (e.g., hectares/year) 
Magnitude of Discharge: Magnitude of discharge at any given time interval is simply the amount of 
water moving past a fixed location per unit time. Magnitude can refer either to absolute or relative 
discharge (i.e. the amount of water that inundates a floodplain). Maximum and minimum 
magnitudes of flow vary with climate and watershed size both within and among river systems. 
Frequency: The frequency of occurrence refers to how often a base flow above a given magnitude 
recurs over some specified time interval. Frequency of occurrence is inversely related to flow 
magnitude. For example, a 100 year flood is equalled or exceeded on average once every 100 
years (i.e., a chance of 0.01 of occurring in any given year). The average (median) flow is 
determined form a data series of discharges defined over a specific time interval, and it has a 
frequency of occurance of 0.5 (a 50% probability). 
Duration: The duration is the period of time associated with a specific flow condition. Duration can 
be defined relative to a particular flow event (e.g. a floodplain may be inundated for a specific 
number of days by a ten year flood) or it can be defined as a composite expressed over a specific 
period of time (e.g. a number of days in a year when flows exceeds some value). 
Timing: The timing, or predictability, of flows of defined magnitude refers to the regularity with 
which they occur. This regularity can be defined formally or informally and with reference to 
different time scales. For example, annual peak flows may occur with low seasonal predictability 
(natural system) or with high predictability (highly regulated system). 
Rate of Change: The rate of change or flashiness, refers to how quickly flow changes from one 
magnitude to another.     
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Appendix B. Table of Four main types of 
Environmental Flow methods 
 
 The following page contains a comparison of the four main types of environmental flow 
methodology presently used worldwide and the amount of resources i.e. expertise etc, needed 
to conduct them successfully. (Modified from King et al., 1999). Note: EFR–environmental 
flow requirement. Note: L = low; M = moderate; H = high. These ratings are for the top 
majority of methods in each category. 
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Appendix C.  RHYHABSIM Field Work Methodology 
 
Usually when conducting the fieldwork for RHYHABSIM the first survey is the most 
involved and the most detailed where all attributes are recorded such as: gauging flow at all 
cross-sections (all characteristics with apprentices, e.g. ‘cross-sections’ can be found in 
Appendix A, where a full description of its meaning and use is described) , measuring water 
level from all offsets at all cross sections,  defining stream attributes(substrate types) at all 
offsets at all cross sections. As the stream flow was not suitable for our ‘major survey’ we 
chose to do follow up surveys first and wait for the stream flow to become suitable for the 
major survey. For the best results a variation in flows over the survey period is best and the 
major survey should be taken at the highest. Due to flexibility in RHYHABSIM modelling 
follow surveys can be done while waiting for a high flow to occur to complete the major 
survey.  
For each of the three streams the same methodology was applied in relation to site 
selection. It is as below: 
Primary survey:  
A section of stream, called a reach, is selected that either represents a range of conditions 
within the stream or is a specific area that you wish to study (e.g. spawning grounds). For this 
survey, reaches that contained pool, riffle, run sequences were chosen as they best represented 
the habitat that is used by all life stages of Salmo trutta. 
 A minimum of 15 cross-sections were chosen to be surveyed with them being equally 
divided into 5 pool cross-sections, 5 riffle-cross sections and 5 run cross-sections and marked 
with wooden spikes. Measurements were made along each cross-section at fixed intervals of 
20 cm ‘offsets’. The offsets in the cross-section above the water level (on the banks) were 
levelled to allow modelling of the water surface at levels above the current water level.  
Water depth was measured at a specified point at each cross-section. This was done by 
measuring at a set point out from the wooden peg. It is recommended that ‘temporary staff 
gauges’ are used for each cross-section as they allow for ‘scouring’ and ‘filling’ of the stream 
bed without affecting the recorded depth.    
The streamflow or velocity was gauged at a run cross-section. It was chosen at a run cross 
section with suitable flow that would not be overly disrupted by varying flow levels. This 
included measuring the offset, depth and the average vertical velocity at a number of points 
across the cross section to get an accurate velocity for the entire cross-section. 
There were 4 additional surveys (follow-up visits) conducted but the model allows for 
around two to be sufficient to get comparable results. 4 were conducted as some of the 
surveys conducted had sampling errors so could not be included in the modelling. One of 
these follow-up visits was the major survey and was conducted when after good rainfall the 
streamflow levels were at their highest for the survey period.  
 
Major survey: 
For this survey, velocity measurements were taken at each cross-section using the same 
method as described for the run in the first survey. Water depth measurements were taken at 
the specified offset as was conducted for the first survey. Usually the ‘stream attributes’ 
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would be measured at this visit, but due to water clarity problems they were not measured 
until water levels had receded a week later. 
Stream attributes are recorded for every offset both instream and on bank. Substrate 
categories that were used were chosen based on the categories chosen in the habitat suitability 
curves. Stream attributes are divided into 6 categories (1) Vegetation (bank or instream 
debris), Sand/Silt (3), Fine Gravel (4), Gravel (5), Cobble (6) and Boulder (7).    
The ‘stage zero flow’ (SZF) was identified and levelled for all cross-sections. The SZF is 
the water level at the cross-section if the flow were zero. The only areas in our surveys that 
had any water depth at SZF were the pools and at SZF all runs and riffles would have been 
dry for all streams. 
Additional Surveys (follow-up visits): 
At each follow-up visit the data collected included: 
The flow was measured at the defined run for each stream, 
The water level was recorded at the defined distance from the wooden stake. 
The survey data that was collected was then entered directly into the model for analysing. 
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Appendix D: RHYHABSIM Results 
 
Appendix D shows all of the RHYHABSIM habitat curves that were obtained from the 
model. Some of these curves were already presented in the main text of the project, however, 
are presented here in full. The second section shows how the OAHR, DAHR and SDHR was 
obtained for the curves used in the analysis, as listed in Table 9.1. 
 
River Langvad:  
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R. Langvad Habitat Curves
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Interpretation of Graphs for R. Langvad 
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R. Langvad Habitat Curve
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River Tokkerup: 
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R. Tokkerup Habitat Curves
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Interpretation of curves for R. Tokkerup: 
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R. Tokkerup Habitat Curve 
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River Ledreborg: 
 
R. Ledreborg Habitat Curves
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R. Ledreborg Habitat Curves
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Interpretation of curves for River Ledreborg 
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R. Ledreborg Habitat Curve - DMU Adult
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Appendix E – Photographs of Stream Survey Sites 
 
 
Figure E.1. Stream survey site on River Langvad. This section shows a typical riffle, run, 
pool sequence for the stream. The pool is located under the trees on the right hand side of the 
photo. Note the lack of true development of a pool – the water is only slowing down. 
 
 
Figure E.2. Stream survey site on River Langvad. This photograph also shows a riffle, run 
pool sequence, with the pool occurring below the trees. Again, note lack of a pool 
development. 
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Figure E.3. Field drain emptying directly into River Tokkerup at stream survey site. 
 
 
Figure E.4. Stream survey site at River Tokkerup. Photo shows a pool on the stream, which 
starts just below the trees. The pool is long with a zero flow level of only about 5cm. The 
pool, which is typical is mainly defined by a slowing down in stream velocity. 
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Figure E.5. Typical meander pool at River Ledreborg. The pool shown in the picture is 
developed on a natural (unaltered) stream meander, and has a zero flow level of 55 cm. Note 
the wetland springs on the left bank seeping water into the stream. This reach is part of the 
stream survey site at Ledreborg. 
 
 
Figure E.6. Ledreborg stream survey site. This photo, looking downstream, shows a typical 
riffle, run pool sequence. The pool is located at the bend in the river. 
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Figure E.7. An artificial spring supplying water directly into River Ledreborg. This is the 
spring established by CWS by agreement with Ledreborg Castle, and is located approximately 
100m downstream of Hule Mølle. The orange colored ochre indicates that the water source is 
from the primary aquifer, which is rich in reduced iron and subsequently turns red when it is 
oxidized at the surface. 
 
